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Autler-Townes spectroscopy of the 5,,-5P4,-44D cascade of cold®Rb atoms
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We study nonlinear optical effects in the laser excitation of Rydberg stags.ahd 55, levels of ®Rb are
coupled by a strong laser field and probed by a weak laser tuned toPtheED Rydberg resonance. We
observe high contrast Autler-Townes spectra which are dependent on the pump polarization, intensity, and
detuning. The observed behavior agrees with calculations, which include the effect of optical pumping.
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With the birth of laser spectroscopy in the late 1960s, new First, we consider the case of a resonant pump figéd
classes of nonlinear optical phenomena could be exploreduning, 6= wyymp— @21=0, where wpm, is the pump fre-
One such measurement is the optical analogue of the Autleguency andw,, is the transition frequency frofi)—|2)).
Townes splitting[1], observed originally in the microwave For a circularly polarized pump beam, the atoms are opti-
domain. Following the work of Toschek and co-workerscally pumped into then-=3 ground-state sublevel. There-
[2—4] there have been a number of studies of the Autlerfore, in steady state, the pump field drives only a single
Townes splitting in probe absorption, when a strong lasefransition F=3mg=3—F'=4mg, =4) having a Rabi fre-
pump field drives a coupled transition in vapor cells orduencyQ.=Qq=1y,1s/2, wheres=1/lis the ratio of the
atomic beam§5—10]. The introduction of laser cooling tech- PUMP intensity to the saturation intensity. For a pump field
niques such as the Magneto-Optical T(MOT) for neutral polanzed linearly and paralle_l to the probe field’s po!arlz_a-
atoms has afforded precision measurements and optical spe@n, there are four contributions to the spectra originating
troscopy not limited by Doppler effects or transit-time broad-T0M states differing in their values dfme| (see below.
ening. Using frequency stabilized diode lasers, we exten#ﬂowever, the do_mlnant contrlbut_lon to the Ilne_ shapes comes
previous Autler-Townes spectroscopy in MOT4—13 to a rom states havmgn_F:O,i 1. Since the Rabi frequencies
new domain by using a high-lying Rydberg state with the]cor these states, defined by
excitation scheme shown in Fig. 1. As a consequence, the
decay rate associated with the final level is all but eliminated.

This work represents a step towards driving ground-state Ry- _ L )
dberg transitions, which has been proposed as the workingl€ aPProximately equal, the Rabi splitting of the different

element in quantum information storage schelfilgg15. components is not resolved and the average Rabi splitting is
The measurement is performed at 60 Hz inside a vap09€%9'7m,{ In Fig. 2, the spectra as a funptlon of probe
cell MOT with a background pressure of 18 Torr. In each detuningd” = wprops 3, are Shown, Wherepneis the probe

experimental cycle, the MOT lasers are turned off for 159 frequency andws, 'S the.'gransmon frequency fronj2)
and the pump and probe fields of duration A8 are —|3). At low pump intensities, we see two resonances cor-

responding to the 43,, and 44, lines which are sepa-

switched on simultaneously. The pump couples tiSs % ted by 140 MHZ 16l The FWHM of th tra i
=3 ground state and thePa,F’' =4 intermediate state\( rated by 416]. The ot these spectra fines

~780 nm, saturation intensitl,,=1.64 mW/cni, and de-
cay rate y,/2m=5.98 MHz), while a linearly polarized B> ———— g
probe field f¢~480 nm) weakly couples the intermediate

state to the 4B Rydberg states. The pump beam is colli-

mated to a full width at half maximutFWHM) of 2.2 mm 480nm
after spatial filtering through a single mode optical fiber. The

probe beam is focused to a size of @tn and aligned anti-

parallel to the center of the pump beam. In this arrangement, 5P. F'=4
the pump field intensity is approximately constant through- >3z " 1 __
out the probe volume, and field inhomogeneity effects are

minimized. The Zeeman shifts arising from the MOT mag- 780nm
netic field (gradient of 10 G/cmare less than 2 MHz in the 16/28)] 15/28
excitation volume, which is below the spectroscopic resolu- 58, F=3
tion. The probe laser is a frequency doubled external cavity > ——- m=0 m=1 m
diode laser locked to a temperature regulated and pressure
tunable Fabry-Perot cavity. The Rydberg populatiidetime FIG. 1. Excitation scheme dRb from the 5,,, ground state
~60 us) is monitored by counting electrons (gateto the 40 Rydberg states using linear amd™ pump fields. The
=100 ws) which originate from thermal ionization of Ryd- squares of the Clebsch-Gordon coefficients associated with the tran-
berg states with a multichannel plate detector. The detectiositions are indicated next to the lower arrows. The probe field is
efficiency is estimated to be around 1.5%. linearly polarized in direction parallel to the linear pump field.

Q{’(mF):<F:31mF;11qF’:41mF’>QOI (1)
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FIG. 2. Measured Autler-Townes spectrx X for zero pump %
detuning. The 4B 3, and 445, lines are shown for pump intensi- & [ 110/, _,f‘gw i
ties of 2604y, 36l ga, 4.4 ¢y and 0.4, for ot (a) and linear(b) =3
pump polarizations. Solid lines are calculated line shapes for inten-& | -
sities that have been adjusted by less than 10% from the measured
intensities. X 4.5 1,
are~4.5 MHz and can be attributed to the laser linewidth. 200 -150 -100 -50 0 50
As the pump intensity increases, the spectral lines broaden 8721 (MHz)
and the Autler-Townes components eventually separate. As ' ' ' '
shown in Fig. 3, the measured splittings are in excellent (b) < 24D
agreement with the Rabi frequencie§){=, and Q, i fM\‘Da/z RN T
=0.740 ), with Qg calculated using the measured pump = g
beam intensities. ; L . R il
With the pump beam detuned to the blue BY2w 3 ; ‘\‘ 290/, A
=30 MHz, the two Autler-Townes components now have o .
different amplitudes as shown in Fig. 4. The stronger com- 5,
ponent is red detuned with respectdg, and corresponds to
a two-photon excitation process, while the weaker compo-g r 110/, X A 1
nent corresponds to an off resonant stepwise excitation. Thég
splitting of the Autler-Townes peaks is given by the general- @ ]
ized Rabi frequencyy/QZ+ 6% and QF+ 62 for o and
linear pump polarizations, respectively. The measured Rabi " 4.5 [,
splittings are in excellent agreement with the theoretical . . . . . .
curves for both types of pump polarization, as shown in Fig. 200 -150 -100 -50 0 50
5. The splittings for ther ™ case are larger than those ob- /21 (MHz)

served in the linear case owing to the larger Clebsch-Gordon FIG. 4. Measured Autler-Townes spectra) at 30 MHz (blue)

coefficient.

pump detuning. The 43;, and 440, lines are shown for pump

Theoretical expressions for the Autler-Townes spectra artensities of 290.,;, 110, and 4.5, for ot (a) and linear(b)
derived by solving the full set of density matrix equations topump polarizations. Solid lines are calculated line shapes.
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FIG. 5. Measured Rabi splittings at 30 Mitalue) pump detun- )
ing for the 4, peaks forc™ (M) and linear &) pump light. FIG. 6. Ratio of areas Of.the.‘ two B4, Autler-Townes compo-
Solid lines, theory. nents foro™ pump light. Solid lines theory.

lowest order in the probe field, but to all orders of the pumpWhereT's=(ya/2)cos 6+[(y,+ ya)/2]sin’ 6, T,=(y4/2) sir 6
field. It is assumed that the atom-field interaction time is+[(v2+ys)/2]cos 6, and co$6=(1/2)(1+6/Q). In this
sufficiently long for optical pumping to establish a steady-form, itis clear that the ratio of the amplitude of the compo-
state distribution. In the case of circularly polarized pumpnents of the Autler-Townes doublet for a givéns equal to
field radiation, this implies that the pump field acts only be-tarf'é and the ratio of the areas is equal to%@nThe ratio of
tween the F=3mc=3 and F'=4mg =4 levels. The the areas is independent of laser linewidth. In Fig. 6 we plot
Autler-Townes signal is proportional to the total populationthe ratio of the areas versus farand see that experiment is
in the 44D manifold. Arbitrarily normalizing the signal to the in excellent agreement with theory.

o* pumpDs;, componentthat is, the integral oves’ of this For the_ case of a Iinearl_y polarized pump field, there are
component is set equal to unitywe take as our signal four contributions to each line shape component from states
differing in |mg|. Using the normalization specified above,

1 we(J) { to3(J) one finds the line shape to be given by
Se== R ,
M a=TRsWe(512) T 11y 3) gl 3) + (QF14) o g lrts+d w,(J,m)
o Q%4 =825 ‘w W(5/2)
where po3= (y2+ v3)2+16"(J), pis=ysl2+i[6+5'(J)],
y3~16x10° s71 is the decay rate of the B4 levels[17], Q,(m)? e{ tox(J)
=1v,/2, andw.(J) is a weighting function equal to
[aRE ) gnting ‘ o108 sz Lmad D) uad )+ (/4]
2 4 2
we(J)=18 2J+1 4,4;1-1|F,3)2
9 {3/2 1/2 J] (20412 « F3 X p{am: 5
J o1 32)? where
+ . 2
(4,4,1,1F 5 )[4 50 F } : () , ,
where{ ...} is a 6J symbol. From this expression it fol- Wf(J'm)zls{ 32 12 J] (2J+1)

lows that the ratio of thd=5/2 to 3/2 signal is 16.5. In the

limit .that the. generalized Rabi f.requenc&—\/.QOZJrﬁ XE (am:1.0F.m)> J 1 312 ©
>, it is possible to reexpress the line shape using a dressed = AT T 4 52 F

atom approachl8] as
andp(l?%lm is the steady-state ground-state population of sub-

1 We(J) I'; cos’ ¢ level m. Note that, in strong field¥,p{% ,,,# 1, since there

S.=— _
¢ 3=5,52W(5/2) 24| s 5+Q1° is non-negligible population in thePy(F=4) level. It is
1| 0'(D+ 2 also possible to write an expression analogous to&dn a
) dressed basis by replacing
I',sir? 6 .
- 24| s 5—Q%|’ “ H23(J)
24| ] | 2o 9) e 3) + L (M)4]
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in Eq. (5) with intensities. However, to fit some of the curves in Figs. 2 and
4, it was necessary to increase the convolution width up to

I';(m)cos’ 6(m) 10 MHz with increasing pump field intensity. We attribute
S+Q(m)|? this to the fact that the pump and probe beams were not
2 } perfectly aligned; inhomogeneities in the pump laser field
then result in a distribution of Rabi frequencies, broadening

I',(m)sir? #(m) the lines. The deviation of the data from the fits in Fig. 4 at
s—Q(m)2|’ low pump intensities can be attributed to incomplete optical

s pumping.

In summary, we have observed high-resolution Autler-
where the dressed state anglgn), the dressed state decay Townes Rydberg spectra 5?.Rb- The measured dependence
ratesT";(m), and the generalized Rabi frequen@(m) are of the Rabi splittings and line strengths on the pump field
calculated using,(m) rather than(),. intensity, polarization, and detuning are in excellent agree-

From the numerical solutions, we find that, for the rangeMent with theory. In the near future, we plan to extend the
of parameters in our experimen&%)m varies between 0.2 off resonant Autler-Townes measurements examined in this

_ (0) 12 540 _ paper towards a pulsed, coherent two-photon excitation from
and 0.38p371; l?oe;tween 0.12 and 0.2, ,,between 0.036 1 - ground state into well defined Rydberg states. It should
and 0.06, ang;iz’;; between 0.0012 and 0.0044. Thus, theb ibl hi h Rabi lati b
m:=0,+1 statesygive the dominant contributions. The ratio € possible to achieve two-photon Rabi oscillations between
othhe D_ to D, component is found to be equa{I 0 21 to ground and Rydberg states by starting with the detuned low-

5/2 3/2 i i i i i
within a few percent(it varies slightly with field intensity intensity regime of Fig. 4. The Rabi frequency of the upper

and detuning The Rabi frequencies are equal [tf,(0) 5P5,—nD transition will have to be increased and the Rabi
¢ frequency of the lower transitiong,,— 5P, reduced, such
= V(16/28)1,, 2¢(1)=V(15/28)y, Qe(2)  that the population in the intermediat® State is minimized

= V(12/28)do, ¢(3)=(7/28)20; however since then  \pije 4 Jarge two-photon Rabi frequency is maintained. The
=0,£1 substates dominate, the Rabi spitting is approxiyegjization of Rabi oscillations or, equivalently, and 2
mately equal tde=1/2Q,(0)+,(1)]~0.74)o, and the  j5eq19] to coherently transfer atoms into and out of indi-
ratio of the amplitude of the components of the Autler-y;qyal Rydberg levels is of particular interest, because such

Ti(m)+|6'(3)+

ra(my+|6'(d)+

Townes doublet for a gived is equal roughly to o operations are an important element in fast quantum gates
where 6, is calculated using the effective Rabi frequencyhat have been proposed in context with neutral-atom quan-
Q tum computing[14,15.

o
Since the laser linewidth is comparable with or larger than

the level linewidths, it is necessary to convolute the line This work was supported in part by NSF Grant Nos. PHY-
shapes with the spectral profile of the laser. Assuming tha®114336, PHY-0098016, and PHY-9875553, and the U.S.
the width of the lines observed at the lowest intensities inArmy Research Office, Grant No. DAAD19-00-1-0412.
Figs. 2 and 4 is attributable solely to laser linewidth, we findJ.R.G. acknowledges support from the Chemical Sciences,
that the laser profile is described well by a Gaussian withGeosciences and Biosciences Division of the Office of Basic
FWHM of 4.5 MHz. This leads to excellent agreement be-Energy Sciences, Office of Science, U.S. Department of En-
tween the experimental and theoretical curves at low pumgrgy.
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