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Autler-Townes effect in a sodium molecular-ladder scheme
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We report results from studies of the Autler-Town@s) effect observed in sodium molecules from a
molecular beam. A relatively weak laser fieRl couples an initially populated rovibronic level in the
electronic ground statéhereX 12;,1/’:0, J'=7) to a selected excited rovibronic levelhereA 12;,11’:10,

J’''=8), which in turn is coupled by a relatively strong laser fi@do a more highly excited level (here
512;,11:10, J=9), a scheme we idealize as a three-state ladder. The AT effect is seen by scanning the
frequency of theP field while recording fluorescence from both tkeand f levels in separate detection
channels. We present qualitative theoretical considerations showing that, whefigheis weak, the ratio of
doublet component areas in the excitation spectrum from leeah be used to determine the lifetime of this
level. We obtain a value of 17+3 ns. When tRdield is stronger, such that its Rabi frequency is larger than
the decay rate of leved, the fraction off-level population that decays to the intermediate electronic Btéh*

can be deduced from the AT spectrum. When supplemented with values of Franck-Condon and Honl-London
factors, our measurements give a value for the branching (thiofraction returning to leves) of r,=0.145

with a statistical error of £0.004. The use of a strdh§ield on theg-e transition and a weagfield as a probe

on thee-f transition results in complex line shapes in the excitation spectrum of fevat showing the
familiar Autler-Townes doublet structure.

DOI: 10.1103/PhysRevA.71.023401 PACS nuntber42.50.Hz, 33.80-b, 33.40+f, 33.70.Ca

I. INTRODUCTION effect [3], which is produced by a nonresonant figlhd

A common use of laser-induced excitation is to determine)’VhiCh therefore varies quadratically rather than linearly with
by observation of fluorescence, the electronic and rovibrathe electric field strengih _ o
tional structure of moleculegll]. Such fluorescence signals,  The AT effect has been extensively studied in atdfos
plotted as a function of the probe laser frequency, typicallyrepresentative publications s¢é]) and numerous papers
reveal absorption-line profiles that are convolutions of mo-have presented its theory in detgsl]. In molecules the op-

lecular rest-frame profilescharacterized by homogeneous tical AT effect has been much less studied; see for example
widths due to loss from spontaneous emission, predissocigg),

tion, and collisionswith Doppler shifts that introduce inho-

o . The frequency separation of the two AT components pro-
mogeneous contributions to the widths. d y sep P P

When the excited state is also near-resonantly coupled vides a measure of the; str'onger-field interactiop enéRgpi .
to a third statef by a second, strong laser field through anf_requency timest), which is the product of a dipole tr_ans_l-
allowed electric-dipole transition, then the excitation signalli®" moment of the atom or molecule and the electric field
becomes significantly modified; for a sufficiently stropg ~ @mplitude of the strong las¢7]. Thus it offers a technique
herentfield, it appears as two distinct components, a patterfor measuring dipole transition momen8]. The present
often termed the Autler-Towné#aT) doublet, honoring those Work provides an overview of results from a variety of ex-
who first observed if2]. The AT effect originates with an perimental scenarios together with a mostly qualitative dis-
energy shift produced by a resonant or near-resonant oscitussion. In particular, we show that the AT effect can be used
lating electric field, in contrast to the dynanmor ag Stark  to determine the ratio of lifetimes of the two strongly
coupled levels and branching ratios of decay from the upper
excited molecular states. A more detailed theoretical analysis
of some of the observed spectra will be presented in a future
publication[9].
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FIG. 1. Ladder level scheme in Blarhe strongS field couples
thev’=10,J" =8 level in theA 12: state with thev=10,J=9 level

in the 5125 state. The weak probe fiel@ is scanned across the

resonance with th& 'S¢ ,v"=0,0"=7—A*S],v'=10,J'=8 tran-
sition. The fluorescence from th&'3" and 5125 states is regis-
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FIG. 2. Schematic layout of the molecular beam, laser beams,
and detectors, showing skimmers, entrance aperture, and laser po-
larization direction. In reality, the laser beams are elongated in the
vertical direction.

IIl. THE EXPERIMENT
The experiments were performed in a supersonic beam of

Na, molecules, which crosses two parallel laser beéses
Fig. 2. The supersonic expansion cools the molecules so that

tered separately in two detection channels, termed PM1 and PM299% of them are in the ground vibrational lew&kE0, while

level g: X'3j, v"=0J'=7,

level e A'S! 0'=10J'=8,

level f: 5'S;,v=10,J=9.

The population initially resides in level the ground level of
the ladder. Levek has a radiative lifetime of 12.45 h40],

the distribution over the rotational levels peaksgt=7. In

the zone where the two laser fields interact with the mol-
ecules, the number density of molecules is about 2
X 10*° cm3. The flow velocity of the molecules in the beam

is v;=1340 m/s, and the full ¥ width of the longitudinal
velocity distribution isAv,, =260 m/s. Two skimmers and
an entrance aperture of the excitation zone collimate the
beam to a divergence angle of 0.73°+0.02°, corresponding
to a residual velocity spread of +8.5 m/s in the direction
perpendicular to the beam axis. This corresponds to an inho-

corresponding to a homogeneous linewidth of 12.78 MHzmogeneous Doppler widthfull width at half maximum
The lifetime of levelf has not been reported previously; (FWHM)] of 27 MHz for theP laser and 29 MHz for th&

measurements reported here lead to a value of 17+3 ns.

laser.

Figure 1 shows the levels of interest and the radiative The molecular beam axis crosses the axes of two copropa-
couplings that form a three-level ladder. The excited leeels gating cw laser beam&oth Coherent Co., CR-699-21 dye

and f are linked (resonantly or near-resonantlpy an al-

lasers, with linewidtAy =1 MHz) at right anglegsee Fig.

lowed dipole transition induced by a relatively strong coher-2). The laser beams are focused by cylindrical lenses, with
ent field, here termed the strong fieddelsewhere called the the long axis(the height oriented perpendicular to the mo-

dressing field or pump fie)d having a wavelength of

587 nm. The ground leve is linked to levele via electric-

lecular beam axis. Both laser beams have the same linear
polarization, which is held parallel to the molecular beam

dipole transition induced by a weaker field, here called theaxis.

probe fieldP, of wavelength 633 nm.

The two laser beams provide tiReand S fields of Fig. 1.

We shall here regard the excitation of this three-level lad-The frequencywp of the (weakej first-stageP laser, with a
der as modeled by three nondegenerate quantum statpewer of typically<0.1 mW, is scanned through resonance
whose evolution is governed by the time-dependentvith the g-e transition X 1E+,v”=0,J”=7—>AIE:,v’

Schrédinger equation subject to population |¢8s. popula-

=10,J'=8. The(strongey second-stag8 laser, of frequency

tion we mean the probability of finding a molecule in a spe-wg and with a power of typically a few hundreds of milli-
cific state at a particular timeBecause of angular momen- watts, is tuned near resonance with tleef transition
tum degeneracyfor angular momentum quantum numkkr Alﬁj,v’:1O,J’:8—>512;,v=10,J:9.

there are 2+1 degenerate sublevels, each identified with a The positions and focus dimensions of both beams are

magnetic quantum numbé), the molecular system of in-

monitored by means of a beam-profile measurement device

terest is not exactly three linked quantum states, as we idéDataray Beamscope-PRaving 5.0um-wide slits. The axes
alize it. However, reasoning presented in Sec. V A provide®f the two laser beams coincide, but tBdaser beam is

justification for the three-state approximation.

focused to a Gaussian waist of 1afn diameter(FWHM),
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which is more than three times larger than the/88 waist (@) level f(S'z ) (b) level e(A'): b
of the P-laser beam. With such adjustment, théeld can be .8 U
considered as constant, and maximal, across the entire profil X X
of the P field. The transit timefly-through time[11]) of the B h A, =200 MHz Jb
molecules across th®-laser profile is 37 ns. The beam wi\p‘ ' e WA WL
heights are 5.0 and 7.5 mm FWHM, for tReand S beams, O S
rfggerztrl‘r\?/faly, corresponding to effective areas of 0.28 anc g J‘ As=100MHz“ o3t
. . b EVARPNDL 15~ TS
The fluorescence of the excited molecules is collected by Ay ¢ .
lenses and imaged into two optical fiber bundles. The latter ;2-:, A =0MH: * T
are positioned at opposite sides of and at right angles to the ;v - A N -
axes of molecular and laser beaitsee Fig. 2. The light s :"""”" el
passes from the fibers, through spectral filters, into photo- A s A
multipliers PM1 and PM2. Fiiy AT-I0MEz L
The detector PM1 is equipped with a cutoff filter that does ‘“‘*”? iatnadeid """:'M
not transmit light with wavelengths longer than 600 nm. This o ;.i i
detector registers the fluorescence from levi rovibronic v, i A=-200MHz ¢
levels of the electronic stat@ 'S (including levele). The W Wk e el Brithnsatln

Franck-Condon factors for these transitions are such that the . . : ' L . . '
probability of spontaneous transitions from leyek appre- 400 -200 0 200 400 400 -200 O 200 400

ciable only for the vibrational levels’=8-12 of theA 'S A, [MHz] A, [MHz]
electronic state around the lewve]12]. In fact, about 94% of

the population that reaches t#e'S, electronic state from FIG. 3. Fluorescence signalg) from level f(5 39 and (b)
level f returns to the)’ =10 level[12]. We refer to the signal from levele(A °X,) as a function of theé>-field detuningAp from
from PM1 as the-level fluorescence. resonance with thg-e transition, for five values of the detuniny

The detector PM2 accepts only light with WavelengthSOf the Sfield from resonance with the-f transition between +200
longer than 620 nm. It registers the fluorescence from alf"d ~200 MHz. TheS- and P-laser powers are 300 mW and
populated levels in thé 'S electronic statéincluding the 75 pW, respectively; the>-field Rabi frequency is 4.3 MHz.
level e directly excited by laser radiatiprand the levels
popu]a’[ed by spontaneous decay of lefvef the 512+ elec- tion that depends on the Strength of tBdield as param-
tronic state. We refer to the signal from PM2 as thkevel  etrized by a mixing anglé. By definition, adiabatic stat®,

fluorescence. has the higher enerdgee Eq(4b) below]; it appears as the
right-hand peak(positive P-field detuning in each of the
IV. SPECTRA figures.

Inevitably our two lasers undergo short-time fluctuations
The excitation spectra were obtained by fixing the fre-in phase and frequency, observable as the finite bandwidth.
quency of theS laser and sweeping the frequency of fhe In addition, the lasers may drift in frequency or intensity
laser through resonance with thee transition, while moni- ~ during the 3 min required to record an excitation spectrum.
toring simultaneously but separately the fluorescence fronpuch effects can distort the AT profiles, causing unequal
the levelse andf. We present these data as a function of thewidths and/or unequal peak heights. From the statistics of the

P-field detuningAp for fixed Sield detuningAg, where recorded spectra we estimate that such effects can cause vari-
ability in width of 6 MHz and variability of height ratios of
APE wp_(Ee_Eg)/ﬁ, ASE ws—(Ef—EQ/ﬁ. +10%.
Note that an increase in either laser frequency accompanies Because some of the population from lefelecays spon-
an increase in detuning. taneously to levek, some features of thilevel spectra are

The wavelengths of the light emitted by tsandP lasers carried over to t_h@level fI_uorescence, thereby altering the
are measured to an accuracy of +0.001 nm using a wavemeS!€an” e-level signal predicted by theory. Furthermore, the
ter (Burleigh WA20. The zero of theSield detuning was signal detecltefl by PM2.|ncIudes fluorescence from other lev-
assigned to the frequency for which the AT splitting is small-€!S of theA "% electronic state that are populated by decay
est(cf. Sec. V @, as determined by interpolating measure-©f level f. By comparing the spectra of Figs(aBand 3b)
ments taken for a set of differergfield frequencies. The for large and small detunings of the field (1A
zero of theP-field detuning was assigned to the frequency™ 220 MH2) we estlmate.that. this cont_rlbutlon to tedevel
which maximized the fluorescence output from théevel fluorescence, when the field is weak, is smaller than 10%.
when theS field was blocked.

As will be discussed in Sec. V C, each of the two peaks
appearing in the spectféhe AT doublet can be attributed to
a transition induced by the field between the ground state  The qualitative characteristics of the AT spectra from both
¥y and one of two adiabatic statds; or ®, constructed as levelse andf differ according to the intensity of the field,
superpositions of stateg and ¢, with a relative composi- |p. It is useful to characterize the strength of this field by its

A. Characterizing field strengths
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associated Rabi frequendyp, and to refer to it as weak, (a)level £(5'zH (b) level e(Alz: ")
intermediate, or strong by comparing this with various other & v
frequencies or inverse time@Note: all formulas involving ¢ 4
frequencies are for angular frequencies, rad/s, although nu " 5
merical values are given in herz. o A, =200 MHz ’x i H
One characteristic time scale is the pulse duratigpe — —t—r Yowt” \ds.
from which one obtains the Fourier limit to the bandwidth % a &
from 1/75,se The pulse duration for our experiment, evalu- i L
ated from the transit time of the molecules across the profiles & A, =100 MHz "‘, R
of the laser beams, gives a bandwidth of 4 MHz. T— — N,
An important time scale is the radiative lifetime of the A A i,
excited level,r.. From y,=1/7, one obtains, for the present iv v _ ;". a8
experiment, a frequency of about 13 MHz. This parameter : \; 3 A, =0 MHz NS |
provides a useful limit on what can be considered a “weak” — ‘-—J YV N

\
kY
field: one for which the Rabi frequency is less than the ra- A &
diative rate,Qp < v,. :
Between these two limits lies the characteristic frequency \ ,
associated with optical pumping, d.a‘pu|sere. The relevance

of this parameter derives from depletion of population from 'v.
the ground state, a time-integrated effect associated witt 03 - ‘ H
saturation of the transition, as characterized by the saturatiol A ,' A =200 MHz J ,i"
parameter for an open systdiB] ————T————— ——— 7
400 -200 O 200 400 400 -200 0 200 400
(Qp)? ToulseTe = 1 pll sat- 1) A, [MHz] A, [MHz]

Typically one refers to a “saturating” field as one for which
this saturation parameter exceeds unity; this is equivalent to FIG. 4. As in Fig. 3 but withS- and P-laser powers of 590 and
the requirement that the Rabi frequency exceed the optica&l-4 MW, respectively; the-field Rabi frequency is 25 MHz.
pumping rate ()p> 1/\57pu|se7e- The saturation intensiti,
for this transition is 65 mW/c#f For our laser-beam geom- fitting the measured splittings to a function of detuning we
etry this corresponds to a saturation power 0.16 mW. In caldetermined the Rabi frequency associated with $higeld
culating this we have used the electronic dipole momengand thee-f transition. For Fig. @) (level-f spectra it is
dgf°=9.14 D [14], the Franck-Condon(FC) factor S.c  72+6 MHz, while for Fig. 3b) (levele spectra it is
=0.095[15], and the Honl-LondoHL ) factorS, =8/17to  79+6 MHz. Elementary theory predicts that both spectra
produce the needed total dipole momd&:dgfc\ﬁg\s“q should exhibit the same Rabi frequency, so this difference is
=1.93 D. a measure of the error in our experimental results.
Yet another relevant frequency is the Doppler width for When theS field is resonantly tuned, i.eAs=0, the AT
the P-laser wavelength, which here is 27 MHz. This param-doublets seen in the excitation spectra from lewveknd f
eter quantifies the range of detunings that contribute to angppear very similar; in each case the two components have
given excitation spectra and thereby establishes a limit to thebout the same intensity. When tBdield is detuned away
resolution of structure in the spectra. from the resonance the intensity ratio of the two components
We term theP field to be “strong” when it produces a of the AT doublet varies differently for the fluorescence from
Rabi frequency), comparable to that of thg field, Qg In  levels e and f. Whereas the two peaks maintain approxi-
this regime theP field can no longer be considered as amately equal sizes for al&-field detunings in thef-level
probe field. We term thé field to be “intermediate” when spectra, they show pronounced changes of relative sizes in
Ye<Qp and yetQp<Qg the e-level spectra. Specifically, the peak associated with ex-
citation of thed,; componentat Ap<0) is stronger forAg
<0, while for Ag>0 the stronger peak is associated with the
®, componentat Ap>0). The smaller of these peaks essen-
Figure 3 shows the excitation spectra for five choices ofially vanishes fofAd =200 MHz.
the Sfield detuning, for the case of weafunsaturated
P-field intensity. For these and all other spectra the data of
each scan were normalized to give unit height for the largest
feature. Quantitative analysis of these displays is only pos- When the intensity of théP-laser field is increased the
sible within a single scan, i.e., for measurements of widths ogualitative appearance of the spectra from levieland e
ratios of peak heights. changes, as seen in Fig. 4. This figure shows spectra taken
The observations fit the typical pattern of a well-resolvedwith a P-laser power of 2.4 mW, corresponding to a Rabi
Autler-Townes doublet. The separation between the doubldtequency of 25 MHz, andsfield power of 590 mW. Al-
components is smallest when tBdield detuningAgis zero;  though theP-field power is here greater than the saturation
then it is equal to the Rabi frequendgee Sec. VT By  power, theP-field Rabi frequency is substantially smaller

B. Weak P field and strong S field

C. Intermediate P field and strong S field
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(2)0.07mW . ()3 mW A (a) A,=0MHz (b) A,=-40 MHz
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FIG. 5. Fluorescence signal of level as a function of the A, [MHz] A, [MHz]

P-field detuning forP-field power of(a) 0.07,(b) 3, (c) 20, and(d) _ .
200 mW, corresponding to Rabi frequencies(@f4.2, (b) 28, (c) FIG. 6. Fluorescence signal from levelas a function of the

71, and(d) 225 MHz. TheSaser detuning was —290 MHz and its Sfield detuningAs from resonance with the-f transition, for four
power was 600 mW. values of the detuningp of the P field from resonance with thg-e

transition between 0 and -260 MHz. TBeandP-laser powers are

. - 0.35 and 340 mWw, tively; the-field Rabi f i
than that of theS field. From the measured splittings we 293 Magz Y, respectively ¢ abl Trequency s

deduce values of the Rabi frequen€ys of 115+6 and
126+6 MHz, from thef and e spectra, respectively. These
are in good agreement with the values of 101 and 111 MHz
expected from the data of Fig. 3 with the increa&field It is also interesting to study the excitation dynamics with
power; the differences indicate the size of our error, includthe roles ofP and S lasers interchanged, i.e., making tRe
ing reproducibility of theP- and S-laser profiles from one field strong(a few hundreds of milliwatjsand using a weak
measurement day to another. From the measured Rabi fré<1 mW) S-laser field as a probe. A particularly careful
guencies the dipole moment was estimated to be about 0.2 Blignment is needed in this case. To avoid full depletion of
(including FC and HL factops the g-level population by optical pumping, induced by the
Unlike the previous cases shown in Fig. 3, here the twdield before the molecules reach tBdield, the P-laser pro-
peaks of the-level spectra show a strong dependence on théile must be more tightly focused than tiglaser profile.
Sfield detuning, whereas the influence of this detuning ornTherefore we used the same geometryRsf and Slaser
the e-level spectra is less pronounced. Whereas in FHig) 3 beams as in the previous cases.
the smaller doublet component in the spectrum of level Figure 6 shows excitation spectra of leehs a function
essentially vanishes fojAd=200 MHz, in Fig. 4a) both  of Slaser frequency for various detunings of fdaser field
peaks remain distinctly visible for such large detunings ofand fixed P power of 340 mW (a Rabi frequency of
the Sfield. 293 MH2). In contrast to the previous spectra, and also to the
For a P field of intermediate intensity, as in Fig. 4, the spectra measured under similar conditions in earlier experi-
excitation spectra of levels andf for fixed detuning of the ments dealing with the AT effect in atonfd], no doublets
S field are complementary: when the component associategre seen for any detuning of the strong laser figldhis case
with excitation of stateD, is strongest in thd-level spec-  P). Instead, only one narrow peak is observed. This occurs
trum, then the component associated withis strongest in  when theP field is resonant with thg-e transition[see Fig.

E. Strong P field and weak S field

the e-level spectrum, and vice versa. 6(a)]. The peak develops a shoulder and broadens a® the
field is detunedsee Figs. @) and Gc)]. It becomes narrow
D. Strong P field and strong S field again as the detuningyy is increased beyond +200 MHgee

. : . . . Fig. 6(d)]. The excitation spectrum of leved does not
Another interesting feature is observed in the excnauonchange when the weakfield frequency is varied.

spectrum of levek when theP-field intensity is increased to
achieve Rabi frequencies large compared to the natural line-

width of the g-e transition(12.78 MH2 and comparable to V. THEORY: DISCUSSION
that of theS field. Figure 5 shows the excitation spectra of ' ’
level e for fixed S-laser detuning of —290 MHz for four dif- Reliable quantitative analysis of the AT profiles, including

ferent P-laser intensities. These correspondRdield Rabi  height, width, and spectral separation of components, re-
frequencies ofa) 4.2, (b) 28, (c) 71, and(d) 225 MHz. In-  quires detailed modeling of all relevant molecular states,
crease of theP-field intensity leads to an increase of the with all relevant spontaneous emission rates, and with the
intensity of the®, componentright-hand peakrelative to  inclusion of magnetic sublevel degeneracy and Doppler-shift
that of the(broad ®; component. The increase of tlde,  distributions. Such detailed analysis will be presented in a
signal saturates for very strorifield, but the width of the separate forthcoming publicatid®]. Here we shall restrict

&, component continues to broaden. ourselves to qualitative theoretical considerations based on
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using the time-dependent Schrddinger equation for a singleated near those of small- sublevels. For large detuning
moving three-state molecule. Such a description treats exhe AT splitting is dominated by the detuning, and magnetic
actly the effects of transit-time broadening of spectral feasublevels have even less influence. From these consider-
tures. In this section we present the theory and associatetions we conclude that the inhomogeneous broadening of
interpretation of the AT doublets as associated with adiabatithe AT profiles from théM ; dependence of the AT splitting is
states. We also provide some general observations. expected to be smaller than the Doppler with30 MHz)
caused by the finite divergence angle of the molecular beam.

A. Magnetic sublevels . .
B. Adiabatic states

The use of linearly polarize8 and P fields, with parallel .
polarizations, allows us to consider separate independerll_ﬁé g_ops@erthe c?stﬁglawelll—resol\;]e:j AT d?gblet’l‘l’\’h?n the
three-state ladders, each labeled by magnetic quantum nu abifrequency o aser Is much farger than all re:ax-

ber M, whose quantization axis we take along the polariza-ation constants of the three coupled levels. The laser fi&lds

tion direction (and along the molecular beam axi€ach andP vary relatively slowly during the interaction time with

ladder results from coherent excitation of independent :subt—he r_nole_cules. _Unde_r SUCh. situation t_he rotating wave ap-
levels, all with equal value oM, belonging to the three proximation[18] is valid and it is convenient to introduce the

rotational angular momentum stat@ J', andJ. This ide- instantaneous eigenstates of the Hamiltonian in the absence

alization is justifiable as long as we deal with an open sys:terr(?f the P field [gp(t)zo] anr:j t(.) neglect the consequences of q
that has negligible coupling of separate ladders by Spomanépontaneous ecay. Such eigenstates are sometimes terme

ous emission. For the system of interest, starting from angdjressgdstates, recognizing th?‘t when the rqdiation field is
lar momentumJ’'=7 there are Z'+1=15 separate ladders quantized, these states combine the properties of atoms and
Signals are observed from those sublevels of leeeisd f field [19]. Here we are concerned with slowly varying enve-

for which [M|<7. The present work treats these as a singléoIoes of class_ical fields, and so_the teaut?abat_icstates N
three-state system. Two sorts of approximations are involveff!ore appropriate. The construction of ad|e.1b.at|c states of the
in this idealization. On the one hand, we disregard coupling"ongly couplecs-f system involves the mixing angit),

of ladders by interlinked spontaneous emission. On the othéféfined as

hand, as just noted, the presence of independent ladders acts, Q1)
as does Doppler broadening, to yield an inhomogeneously tan 26(t) =A_’
broadened AT profile: each ladder contributes, with an appro- s
priate weight and appropriate AT shift, to the observed specThe adiabatic states for the three-level ladgexf coupled
trum. The following arguments, combined, justify the neglectpy a weak fieldP and a strong field are

of sublevel broadening of the AT profiles.

0= Bsg. (2

(1) First, the supersonic expansion of a diatomic gas D5(t) = iy, (33
tends to preferentially populate angular momentum states
having small values dfM| [16]. D,(t) = ¢ sin 6(1) + g COS O(1), (3b)
(2) Next, in the weak-field excitation from this set of un-
equally populated sublevels, the excitation rates, which are ®d,(t) = ¢ cos O(t) — i sin (1), (30)

proportional to the squares of Clebsch-Gord&®) coeffi- )
cients, tend to favor excitation from states with smiad| ~ Where ¢; are the eigenstates of the molecular sysighe
[11,17]. bare states As the detuning\s changes from large positive
(3) Further, emission occurs from those excited sublevel$0 large negative values the mixing anglehanges from 0
for which|M|<7. In general there are three distinct emissionto 90°, and the composition of adiabatic stat@s,,®,;
fields, termeds,, 7, ando_, associated withM=M;-M,  changes fron{ue, ¢s} to {r, ~ie}.
of +1,0, and —1. These three fields have different angular The energiesi\; of these adiabatic states depend on the
distributions of intensity; in the,y plane where our detec- Rabi frequency of thee-f transition, and on theP- and
tors lie, theo fields are each half as intense as théields. ~ Slaser detuningg\p and Ag;
Although each sublevel has the same decay rate, the relative Aoz A (4a)
rate of emission of a specific field is proportional to the S
square of a CG coefficient. The product of this emission rate
with the field intensity, summed over the possililél values Ay(t) = - EAS+ }\/Qs(t)z +AZ, (4b)
from a sublevel, gives the probability of detecting decay 2 2
from that sublevel. This probability also favors detection of
emission from states with smaM|. 1 11—
(4) Finally, the resonant A?I' :lplitting for each chain is Aq(t) :_EAS_ E\Qs(t)z”Aé- (40)
proportional to a CG coefficient. The largest shifts occur for
small [M|, but there is only a relatively small difference be- Although the composition of the adiabatic states changes
tween the shifts of adjacent ladders. with changing relative intensity of the two fields, adiabatic
When all these effects are combined, they produce a disstate ®,(t) always has higher adiabatic energy than state
tribution of resonant AT splittings that is relatively concen- ®,(t).
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The time dependence of the adiabatic states and eigenval- D. Evaluation of signals

ues comes from the slowly varying Gaussian envelope of the . o open system it can be shof@] that when theP
Sfield. In the present experiment, this variation is small dur-e|q is not too strong(i.e., such thatQp<T,,T,) and of

ing the relevant time interval, since the waist of daser g siciently long duratior(such that 1T, <T',) the adiabatic-
beam on the molecular beam axis is much narrower than that ;o populationdl;(t) = [(®; (1) ¥ (1))|? are

of the S beam. Under such conditions tl&field Rabi fre-
quency, the concomitant mixing angle, and the adiabatic ei- ri(t) t )
genvalues can be considered to be constant during the inter- Ni(t) = T, &P ‘J dt'rt) |, =12, (6
action with theP field: Q4(t)=Qg and 4(t)= 4. : w
Spontaneous emission causes transfer of populatiowhere the optical pumping rate(t) is given by the expres-
among magnetic sublevels, an effect that cannot be treategion
exactly without enlarging the theory from that of a state vec-
tor, as assumed here, to that of a density matrix. However, by
assuming that all spontaneous emission proceeds to final
states that are not part of the three-level manifold of coher- ) ) ) ]
ently coupled states, it is possible to treat the system as orfde"®Ai=\i—As is the effective detuning of the field from
in which spontaneous emission serves only as a loss, remotgsonance with the adiabatic stabgand(); is the effective
ing population at rates given by the inverses of radiativeRabi frequency for the transitiofs(t) — ®;(t):
lifetimes (i.e., we treat the system as an open)one _ _ :
Due to spontaneous em?/ssion decay tﬁe adiabatic states (1) = Qe(ticos b, Qy(B) = Qp(t)sin 6. ®
®,(t) and®d,(t) are also decaying, at rates that depend on th&he populations,,(t) = (i, ¥(t))|? of the bare states can be
mixing angled. The explicit evaluation of the transformation expressed in terms of the adiabatic-state populations as
of the two bare-state losses and y; into two adiabatic-state
lossesl', andI'; leads to the formulagl9] (99

2
ri(t):5 L

4 A2+T?4° 0

Po(t) = Ny(t)cogd + Ny (t)sir?,

Ps(t) = N,(t)sir?6 + Ny (t)cog. (9b)

From these expressions we can obtain the fluorescence signal

from level n=e,g through resonance with adiabatic state
(5b) ®;,i=1,2.This signal is proportional to the relative intensity

IS) of emission from a single molecule. For example, reso-

nance with the staté, results in fluorescence from level

with relative intensity

', = Y, COZH+ 7y; Sirkh, (5a)
I'; = v, SinP0+ v cos.

C. Resonances

+oo +o0
The adiabatic-state picture allows a simple interpretation IS) = Ye J dt Py(t) = v, Siré(6) f N, (t)dt
of the AT effect. When the energy eigenvalue of stéditg - -
coincides with that of eithet, or ®,, as occurgsee Egs. Ye SINX(0)
(4a—40)] when the detuning\p is chosen to satisfy the =F—1[1—eXF(— Ry], (10)

resonance conditiodp=\; for j=1,2, then there occurs a

P-field-induced transition between the ground state and theyshere R=/”_dt r,(t). For a Gaussian probe pulsep(t)

adiabatic state;. Note that because,> )\1_, resonance with :Qp(o)exp(_tZ/Tf:), where Tp=T7,sd V2 In 2, we haveR;

@, occurs for largeddp than resonance witthy, i.e., the®, =R, (0)sin?d and R,=R,(0)co$6 where

peak appears at the right in our plots. Population leaves the

ground state through resonance excitation of the decaying 1 7 TpQp(0)?

stated; (optical pumping. Thus a scan of the-field detun- R(0)= 4N 2 A2+T%4

ing will reveal, through fluorescence, two components of the S

AT doublet, corresponding to excitation of the two adiabaticThe expressions for the intensitie%), Iff), and |§2) can be

states®4(t) and ®,(t) followed by spontaneous emission obtained in a similar way. _

loss. Table | shows the relative intensitié#) of the compo-
WhenAgis large and positivéd=0), the resonance with nents of the Autler-Townes spectra for weéR <1) and

stated,(t) (which is here predominantly leve) occurs for  saturating(R>1) P fields. If the molecular beam is not

Ap=0, while resonance with staté,(t) (predominantly sufficiently collimated these expressions have to be averaged

level f) occurs forAp=-Ag For large negativelg (so §  over Doppler shifts.

=~ 17/2) the resonance &~ 0 is associated with statk,(t)

11

(which is here predominantly leve).

When Ag is zero, the separation between the two peaks,
N>~ A4, is the Rabi frequency)s. Thus the minimum sepa-

ration of the doublet peaks, as a functionXd, provides a
measure of this Rabi frequency.

E. Evaluation: Weak probe; lifetime

When theP field is weak, the intensities of the compo-
nents of the AT doublet in the excitation spectrum of lefvel
are each proportional to the same factor€@sir’é (see

023401-7



GARCIA-FERNANDEZ et al. PHYSICAL REVIEW A 71, 023401(2005

~ TABLE I. The relative single-molecule fluorescence intensitieslecular velocities contributes inhomogeneous broadening to
I in the excitation spectra from levels and f, for weak and the observed AT profiles and their interpretation is more
saturating intensities of the field. For each spectrune or f, the complicated. In this case the ratio of peak intensiypég)

AT doublet components ar®; or ®,. depends on the peak widths, and therefore it is better to
. consider the peak area ratio in the AT spectra of the upper
Relative fluorescence intensitg) level f, which reads
Level  Resonance
n i Weak P SaturatingP J dALID(A
(area Pl (4e) T 7 sir0+ y; cosd
Ye . Ye py === ;
2R, (0)sin(6) =2 sirf(6) r co<h + v Sinfo
e CI)]_ Fl 1 rl f dAplgl)(Ap) 2 Ye Yi
Ye Ye (13
®, r2Rz(O)coé‘(&) r20032(49)

for arbitrary Doppler width.
We have used a series of measurements of thep?fﬁ?)

%Rl(o)sinz(a)cosz(a) " co2(6) with different detuningsi.e., differentd values and a fixed
1

f Dy r, v.=1/7, to find the y; that provides the best fit to E¢L3).
Using this procedure we determine the lifetime of level f to
7 ” be Tf=1/’)/f=17i3 ns.
® “—R,(0)sir(6)co(6) — sird(6) We haye assumed that sponta_neous emission can be
2 I I, treated simply as a loss of population. In reality, however,

one deals with systems of levels, each of which consists of
magnetic and/or hyperfine sublevels, wherein some fraction
of the population of levef decays back to the level There-

Table ). This can be interpreted as a result of the interplayf(_)re' amore complete.analysc;s(;)a;ed onhthle solu';:on of (ljen—
between different excitation rates of the adiabatic stdies Sity matrix equations Is needed. Nevertneless, the analysis

and ®,, which are proportional to st and cod6, respec- presented here is qualitatively correct. A detailed anal\@gis

tively, and of the different contributions of the stdtto these ~ SnOWs that it is still possible to use the approach presented
adiabatic states, which are proportional to%gand sifé here for the determination of excited-state lifetimes from the

Vréatios of doublet component areas in the AT spectrum of
level f, although the formulas are more complicated than
Egs.(12) and(13).

almost the same dependence on the mixing amgléhey
differ only due to the different effective relaxation rates of
the adiabatic stateF; and I',. This is experimentally ob-
served[see Fig. 8a)]. By contrast, the weak-intensities of F. Evaluation: Strong probe; branching

the two components in the excitation spectra of levbhve We have commented in Sec. IV C on the interpretation of
very different dependence of) as is observed in Fig.(8).  the data displayed in Fig. 4; the relative peak heights are
From Table | and from the expressidfil) for optical  explained by referring to the last column of Table I. Further
pumping rates we conclude that in the case of a wellyseful information can be gained by considering the excita-
collimated beam, when Doppler shifts are negligible, the ration spectrum of thee level for strongP-field intensity and
tio of the peak intensities is large detuningAg (see Fig. 5. We interpret these spectra,
2 . taken for large negative detuning, as follows. Compodent
() — 17 _ (&)Z ( Ye SINPO+ ¥ C0520>2_ (120  (the left-hand peakis associated with the one-photon reso-
|§l) I'; Ye COS 0+ ; S0 nance of theP-laser frequency with thg-e transition, which
broadens with increasin®-field intensity. Componentb,
i > (the right-hand pegkcorresponds to the two-photon reso-
of the peak intensities of the two doublet componentsyance with they-f transition involving oné® photon and one
allows the determination of the ratio of decay rajesind ;. Sphoton. This transition is seen in the excitation spectrum of
In molecular beam experiments the collisional damping rategye| e pbecause part of thélevel population spontaneously
are negligible. Thereforee/ y; is equal to the lifetime ratio  decays to the leves. If the P-field intensity is sufficiently
of the two levels, /7. Since in optical double-resonance strong to deplete significantly the population of legetiue
schemes the lifetime of the intermediate leeels usually g optical pumping driven by the two-photon transitions then
known, the lifetime of the upper levefl can be obtained. the intensity of the®, component will not increase further.
Note that for largepositivedetuningsA, sirf6— 0, and EQ.  The ratio of the intensities of thé&, andd, components will

(12) reduces t,"'=(y/ye)?. For largenegativedetunings  then be equal to the fraction of the population of lef/éhat

Since the mixing angl® is known, measurement of the ratio
(int)
Py

co$h—0, and Eq.(12) become$§i”t)=(ye/ ¥)2. has spontaneously returned to the legethus serving as a
When the molecular beam is not ideally collimated, someasure for the corresponding branching ratio.
that the Doppler width exceeds the lifetime widip, as is In the present experiment the signal registered by detector

the case for the present experiments, the distribution of moPM2, which we have called the levelfluorescence, actually
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detects the total fluorescence from #éS" electronic state. A detailed description of the spectra with stroRgfield
Therefore, the peak ratio in Fig(& or Fig. 5d) gives the and weakSfield requires numerical simulations, either of the
fraction of the levelf (5 12;,0:10,J:9) population that Schrddinger equation or of density matrix equations. Such an
spontaneously decays into rovibronic levels of #és!  analysis will be presented in a forthcoming publicatjém
state. We measured this to hg=0.33 with a statistical error

of £0.01. Because the signals are for saturated transitions, VI. CONCLUSION AND OUTLOOK

these measurements are not affected by the intensity fluctua-
tions or frequency drift that affect measurements of Rabid
frequencies, nor are they affected by inaccuracy of absolut
intensity measurements. The remaining loss is attributed t
the decay into the &, 3'S}, B'II,, or C'II, electronic
states, or to predissociation. Frarg, we obtain the fraction
of decays that go to level by multiplying by the appropriate
Franck-Condon facto8:--=0.94[12] and Honl-London fac-
tor §4.=0.47, with the result=r;uS-cSy =0.145 with a
statistical error of £0.004.

We have here reported studies of the coherent excitation
ynamics in an open three-level ladder system with at least
Gne of the couplings being sufficiently strong to result in
Qubstantial Autler-Townes splitting. We have shown that, de-
pending on the coupling strength of tReand S lasers, char-
acteristic and distinctly different spectral profiles result. We
also show that the observed spectral features can be used for
the characterization of highly excited molecular states.

The ratio of the lifetimes of the levels and f can be
determined from the peak area ratio in the AT spectra of the
upper levelf of the ladder using cw excitation and time-
G. Effect of optical pumping averaged detection as we describe in Sec. V E. The arrange-
ment of an AT experiment is the same as that of standard
exposing heg-e1 ladder (0 a ston field and usng a SPRCTER0OPE DRSNS Bttt MEE
weak S field as a probe do not show the doublet pattern Ooverlap of theS- andP-laser beams. Moreover, the AT spec-

other spectra. Neverthelgss, t.hese spectra can also be mt&ra- from the intermediate leved, obtained with a strondp
preted in terms of the adiabatic states.

The three-level systemgre-f considered here is open, as is field, provide information about the branching in the decay

; . of the excited levef, as we describe in Sec. V F.
typical for molecules. Strong coupling of the stageande Our results show that the spectral profiles of the Autler-
by the P field creates adiabatic states which are linear com- . P P X
Lo . . Townes components in open three-level systems in mol-
binations of bare stategsande. An admixture of state with

; . . ; ecules are significantly different from those observed in
stateg results in optical pumping of the population out of the .
closed or approximately closed three-level systems of atoms.
g-e system, due to the spontaneous decay of sateother

rovibrational levels of the ground electronic state. The closerSUCh peculiarities of the AT spectra in open systems are

the P field is to theg-e resonance, the faster will be the cause_d by a dynamic interplay of the AT effect and optical
population depletion by optical pumping. Scanning a weaIMPING-
Sfield frequency across the-f resonance will thus show
absorption from the adiabatic states only from thdsp-

stream parts of theP-field profile where thay-level popula- This work was supported by the EU-FP5-RTN, Contract
tion is not yet depleted. As a result of the interplay betweerNo. HPRN-CT-2002-309QUACS), Deutsche Forschungs-
the eigenvalue shift induced by tHe field and the optical gemeinschaft, INTASContract No. 2001-155and through
pumping (partial depletion of the ground-state population the Max-Planck-Forschungspreis.B.). We thank M. Lyyra
the excitation spectrum of the level will be significantly —and M. Auzinsh for helpful discussions, and L. Meyer for

The excitation spectra of levél(see Fig. &, obtained by
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