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Optical probing of cold trapped atoms 
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Transitions between excited states of laser-cooled and laser-trapped rubidium and cesium atoms are probed by 
use of fiber and diode lasers. High-resolution Doppler-free spectra are detected by observation of the absorption 
and fluorescence of light from the intermediate level of two-step cascade systems. The optical double-resonance 
spectra show Autler-Townes splitting in the weak probe limit and more complicated spectra for a strongly 
coupled three-level system. 

The potential, and even the requirement, for the 
use of laser-cooled atoms in the highest-resolution 
optical spectroscopy is well recognized,' but little 
high-resolution optical spectroscopy has been done 
on laser-cooled neutral atoms. This is in marked 
contrast to impressive demonstrations of extremely 
high-resolution optical spectroscopy on laser-cooled 
trapped ions.' With room-temperature atoms and 
Doppler-free techniques such as saturated absorp- 
tion and two-photon transitions, the ultimate reso- 
lution and spectroscopic accuracy is usually limited 
by velocity-dependent effects, such as transit time 
broadening, second-order Doppler shift, and wave- 
front c u ~ a t u r e . ~  These limitations can be avoided 
by the use of low-velocity atoms. Trapped-atom sys- 
tems also operate at low pressures, which should sig- 
nificantly reduce the pressure shifts that  often plague 
gas-cell wavelength measurements and stability. 

Two important technological advances have greatly 
simplified experiments with low-velocity atoms. 
These are magneto-optic traps4 (also known as 
Zeeman-shift optical traps) and the implementation 
of these traps in  a relatively simple vapor cell.5 
Recent research with neutral atom traps has demon- 
strated very-high-resolution microwave spectra,6 nar- 
row Raman s p e ~ t r a , ~  and optical spectroscopy out 
of the ground state.6 To our knowledge, our 
experiments demonstrate the first high-resolution 
optical spectroscopy of excited states of laser-trapped 
and laser-cooled alkali atoms. By probing the 
excited state of the trapping transition, we have 
a n  independent diagnostic of the conditions of the 
trapped atoms. 

In  our experiments, cesium or rubidium atoms 
are trapped in  separate vapor cells by use of diode 
lasers tuned to resonance lines of the atoms. Ad- 
ditional lasers are then used to probe the trapped 
atoms in  the excited state of the trapping-cooling 
transition. The transitions of interest are shown 
on simplified energy-level diagrams in  Fig. 1. Most 
of the experimental conditions are common to both 
systems and are similar to those described in  the 
l i t e r a t ~ r e . ~ , ~  Small ion-pumped cell traps operate a t  

background alkali pressures that range from 
to Pa  (=10-7-10-9 Torr). The trapping laser 
beams are approximately 1 cm in diameter, with 
-2-5 mW in each beam. In  each experiment, a n  
elliptically polarized probe beam copropagates with 
one of the trapping beams. These systems typically 
confine between lo7 and lo8 atoms in  a 1-2-mm- 
diameter cloud at temperatures of a few hundred 
microkelvins. 

The study of rubidium is part  of a program to 
develop a wavelength standard for optical communi- 
cations in the 1.5-pm region.'O Atoms are trapped 
with the use of two 780-nm diode lasers. The trap- 
ping laser is tuned to the low-frequency side of the 
5Sm, F = 2 - 5PS2, F = 3 rubidium P'Rb) cycling 
transition and cools and traps the atoms. The re- 
pumping laser, tuned to the 5Sv2, F = 1 - 5Pw2, F = 
2 transition, prevents the atoms from accumulating 
in  the F = 1 ground state. The trapping laser was 
locked to the low-frequency side of the cooling transi- 
tion by use of a signal from a saturated-absorption 
spectrometer. The 1.529-pm 5Pm - 4Dw transi- 
tions were probed with the use of a tunable erbium- 
doped fiber laser tha t  has a free-running linewidth 
of 1 MHz." We observed these transitions by mea- 
suring their effect on the 780-nm trap fluorescence. 
When the fiber laser is tuned into resonance, it re- 
moves population from the 5P, F = 3 level and 
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Fig. 1. Diagram of relevant energy levels of cesium 
(133Cs) and rubidium (87Rb) with the trapping-cooling (0, 
repumping (r), and probe (p) transitions indicated. 
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causes a reduction in the 780-nm fluorescent light 
emitted by the trapped atoms. The fiber laser's ef- 
fect on this fluorescence can be quite large for the 
5P,  F = 3 - 40, F = 3 and 2 transitions because 
it optically pumps the atoms into the 5S,  F = 1 
state, removing them from the strongly fluorescing 
5S,  F = 2 - 5P,  F = 3 - 5S, F = 2 cycle. The 
atoms must then be pumped back into the cycling 
transition by the repumping laser. When the re- 
pumping rate is relatively small, this depopulation 
technique greatly enhances the sensitivity for de- 
tection of weak signals.12 The 5P,  F = 3 - 4 0 ,  
F = 4 signal, however, is not enhanced because this 
transition does not optically pump the atoms into the 
F = 1 ground state. The 5S,  F = 2, 5P,  F = 3 and 
4 0 ,  F = 4 levels compose a closed system of three 
levels that  are strongly coupled in the presence of 
the two laser fields. A small modulation was applied 
to the fiber-laser frequency, and the first derivative 
of the 780-nm trap fluorescence was obtained by. 
use of phase-sensitive detection. Figure 2(a) shows 
this derivative signal as  the 1.529-pm fiber laser is 
scanned through the resonances. 

The trapped atoms in the cesium experiment 
are probed by observation of absorption out of the 
upper state of the 6SL12, F = 4 - 6P3,2, F = 5 
trapping-cooling transition. We used both direct 
absorption and derivative techniques to interrogate 
the red 6P312, F = 5 - 9Sy2, F = 4 transition 
a t  658.8 nm. Approximately 1.5 mW of power a t  
658.8 nm was provided by a n  extended-cavity diode 
laser that  was frequency stabilized to a reference cav- 
ity, resulting in a short-term linewidth of -500 Hz. 
The laser's asymmetric spatial mode was filtered 
by a single-mode fiber used to deliver the light 
to the trap. The probe beam diameter was set to 
be approximately the same size as  the trapped- 
atom cloud. After frequency stabilization, spatial 
filtering, and amplitude noise subtraction, the probe 
laser power a t  the trap was -40 pW. Absorption 
by the trapped cesium atoms was typically 1% and 
provided a signal-to-noise ratio of -10 in a 200-kHz 
detection bandwidth. The power in the probe laser 
is low enough so that  i t  does not appear to perturb 
the trap dynamics or the absorption line shape. 
We accomplished precise detuning of the 852-nm 
cesium trapping laser by offset locking the laser 
(using a n  acousto-optic modulator) to a saturated- 
absorption crossover resonance. Figure 2(b) shows 
cesium absorption of the 658.8-nm probe light. 

These cesium and rubidium cascade two-photon 
transitions have high signal-to-noise ratios and, 
because of the laser cooling, are free of Doppler 
broadening and associated effects. The obvious 
double-peaked nature of these signals is due to 
Autler-Townes splitting of the P states that  is 
caused by the relatively strong trapping laser 
light.13-15 The cesium 6P,  F = 5 - 9S,  F = 4 
transition and the rubidium 5P,  F = 3 - 4 0 ,  F = 
3 and F = 2 transitions are representative of the 
moderately weak probe regime, in which the Rabi 
frequency owing to the probe light is much less 
than the Rabi frequency owing to the trapping laser. 
The 5P,  F = 3 - 40, F = 4 rubidium transition 

is in the moderately strong probe regime because 
of the larger matrix element for this transition. 
This strong coupling results in a n  asymmetic line 
shape. The observed linewidths are influenced by 
power broadening owing to the lasers, the magnetic- 
field gradient that  causes splitting of the Zeeman 
levels, and nonuniform laser-field strength across 
the volume of the trap. From our measurements of 
linewidths with the magnetic field off, we conclude 
that  broadening that results from the splitting of 
Zeeman levels is less than 1 MHz. We estimate that  
the residual Doppler broadening is less than 300 kHz. 
It  is actually remarkable that the experimental 
line shapes are so narrow; linewidths as  narrow 
as  3.1 MHz FWHM were observed on the 658.8-nm 
transition in cesium. This is to be compared with 
a natural width for the P state of 5.3 MHz. The 
ultimate probe transition linewidth is not affected by 
the intermediate-state lifetime; instead, it is limited 
by the natural linewidth of the upper level,15 which 
is -0.97 MHz for the 9Syz state of cesium and 
-1.8 MHz for the 4DS2 state of rubidium. 
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Fig. 2. (a) Rubidium line shape showing the derivative 
of the 780-nm fluorescence signal as the 1.529-pm fiber 
laser was scanned through the 5P32, F = 3 - 40512,  F = 4, 
3, and 2 transitions. The trapping laser detuning was 
- 11 2 1 MHz, and the Rabi frequency was 8.5 2 0.5 MHz. 
The fiber-laser intensity was 0.7 5 0.2 mW/cm2. (b) Ce- 
sium absorption at 658.8 nm as a function of the probe 
laser frequency for various trap laser detunings. We 
improved the signal-to-noise ratio by averaging 200 scans 
at each detuning. The large peaks on successive lines 
were aligned to display clearly the change in splitting. 
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Fig. 3. Theoretical cesium-absorption line shape and ex- 
perimental data points for 9-MHz detuning of the trap- 
ping laser and a Rabi frequency of 11 MHz. The ex- 
perimental data show sidebands at 4 and 54 MHz that 
result from 25-MHz modulation of the probe laser. These 
sidebands are used for determining the frequency scale. 

A density matrix model with five energy levels was 
used to calculate theoretical line shapes for the two- 
photon resonances. Three of these levels, Il), 12), and 
13) with energies E l  < E 2  < E 3 ,  form the cascade- 
level system that  is coherently excited by two lasers. 
The remaining two levels, 14) and 15), are artificial 
levels that  represent decay channels from 12) and 
13) and can themselves decay only to the ground 
state 11). These artificial levels approximate the real 
effects of decay through other hyperfine levels and 
the repumping by a third laser. The parameters 
entering the theory include the trap laser detuning 
from resonance, the probe laser frequency (which was 
swept), the Rabi frequencies for the two applied laser 
fields, and the six relaxation coefficients between 
states. The relaxation coefficients and radiative de- 
cay constants come from known Einstein A values. 
Our analysis follows that  of previous research13 with 
some extensions. 

To make the analysis tractable, we assume mo- 
tionless atoms, uniform laser intensity, no collisions, 
and no trap dynamics. A simplified model of Zee- 
man broadening and magnetic-field gradients has 
been included. The general features of the theoret- 
ical line shape agree with the experimental results 
(see Fig. 3), but quantitative agreement is not found 
within experimental uncertainties. Our model con- 
tains no free parameters, other than signal size, 
and generally gives line shapes that  are too narrow. 
Quantitative agreement of the line shapes should 
yield illuminating details of the dynamics of the 
trapped atoms, but will require more sophisticated 
models of the conditions within the trap. The most 
significant simplification in our model is the lack 
of averaging over the three-dimensional atom den- 
sity and laser field and hence over the variation in 
Rabi frequency. These spatial variations may ac- 
count for the difference between observed and cal- 
culated linewidths. 

The potential accuracy in determining the line 
center in  these narrow two-photon transitions is yet 
to be determined. Though essentially free from sys- 
tematic effects owing to pressure, Doppler, transit, 

and wave-front perturbations, the transitions are af- 
fected by ac Stark shifts resulting from the trapping 
laser and, to a lesser extent, by the trap's magnetic 
field. These problems could be reduced by temporar- 
ily turning off the trapping fields while probing the 
atoms with weak laser fields. 

These experiments have demonstrated the poten- 
tial for high-resolution optical detection of narrow 
transitions in trapped neutral atoms. Experimental 
line shapes give good qualitative and fair quantita- 
tive agreement with calculations based on a simple 
model. Trapped neutral-atom spectroscopy yields 
Doppler-free signals and diagnostic information 
about the conditions of the trapped atoms; the 
Autler-Townes-split line shape provides information 
on the average square of the laser electric field that  
the atoms experience. As with trapped ions, we can 
anticipate that  spectroscopy in these systems will 
soon measure resonances for which the accuracy and 
precision are not limited by the atom's environment. 
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