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Abstract. Transitions between excited states of Cs atoms 
prepared in a magneto-optical trap are investigated with 
a two-step excitation process. The first step is provided by 
the trapping laser radiation, the second step to higher 
excited states is done with an additional laser. We 
measure the hyperfine structure of the 8s and 6d states and 
investigate the effect of the relevant trap parameters on 
the accuracy of the data. 

PACS: 32.80.Pj; 32.30.-r 

Introduction 

A sample of atoms with a fairly high density and a small 
velocity spread around zero velocity represents the ideal 
tool for high resolution spectroscopy. The impressing 
development of the techniques for cooling and trapping 
neutral atoms using laser radiation [1] has made these 
conditions available to spectroscopists. So far, however, 
only a few experiments of high resolution spectroscopy of 
laser cooled and trapped atoms in the optical region have 
been reported. Doppler-less measurements of hyperfine 
structure in sodium were performed in [2]. In [3-5], 
two-photon excitation allowed to resolve the hyperfine 
structure of excited S and D states of trapped Cs and Rb. 
The reason is that in order to take advantage of the 
possibilities offered by this new type of atomic sample 
a particularly complex apparatus is often required in 
which the perturbations introduced by the trapping and 
cooling fields are eliminated and proper detection schemes 
are adopted. In fact, while this is absolutely necessary for 
transitions of metrological interest [6, 7], we show in this 
paper that accurate spectroscopic data can be obtained 
also by studying the atoms directly in a magneto-optical 
trap taking care of the parameters of the trap. We investig- 
ated excited states of the Cs atom using a scheme of 
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double-resonance excitation in which the first step is pro- 
vided by the trapping laser and the second step is made 
with an independent frequency-tunable laser (Fig.l). We 
measured the hyperfine structure of the 8s and 6d states 
and investigated the effect of the relevant trap parameters 
on the accuracy of the results. We resolved the line split- 
ting due to the light shift of the levels involved in the 
cooling process. We compare the line profile obtained for 
the cold atoms with the one observed in the same sample 
but for room temperature atoms. Present hyperfine struc- 
ture results allow a comparison with the data previously 
reported for 82S1/2 state with two photon [8] and two 
steps [9] investigation in a room temperature cell; hyper- 
fine structure results obtained for 62Ds/2 state can be 
compared with the results obtained with a two-photon 
transition in a MOT [5] ; for the 6ZD3/z level it's possible 
to make a comparison with the results reported by C. Tai 
et al. [10] using cascade fluorescence spectroscopy in 
a conventional cell. 

Experimental apparatus 

Our experimental apparatus (Fig. 2) consists of two parts: 
one for collecting and cooling the atoms in a magneto- 
optical trap and one to study the atoms by two-step 
excitation and fluorescence detection. 

The atoms are trapped from the cesium vapour in 
a glass cell [11]. The magneto-optical trap is made with 
three orthogonal couples of circularly polarized counter- 
propagating laser beams which intersect at the zero of the 
magnetic field produced by two coils in anti-Helmholtz 
configuration. The laser beams have a diameter of about 
0.7 cm with 28 mW in each beam. 

The trapping laser beams originate from a 150 mW 
diode laser which is injection-locked by a low-power mas- 
ter diode laser. The master laser is locked to the low- 
frequency side of the 6s F = 4 - 6p F' = 5 hyperfine com- 
ponent of the 62S1/2- 62p3/2 cesium transition with 
a variable frequency offset. This is accomplished in the 
following way: a weak (P~  2 mW) laser beam passes 
through a cube polarizer and a quarter-wave plate. The 
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Fig. 1. Partial energy-level diagram of Cs atom 
showing the transitions relevant to this work. The 
F value are listened from the lowest to the highest 

~ system , J 

;~d4 . 

L/4 

cesium 
• cell L/4 

~ _ ~  trapping 

nti-He~mh~ltz laser 
coils 

£'4 
to ~ _  

vertical arm 
trapping 

Iaser 

Ti:sapphire 

Fig. 2. Experimental apparatus 

circularly polarized laser beam then passes through a ref- 
erence Cs cell, it is retro-reflected and after passing again 
through the cell and the quarter-wave plate is reflected 
into a photodiode by the polarizing cube. Because of 
optical pumping, the sub-Doppler signal observed in this 
way corresponds essentially to the F = 4, MF = 4 -  F' 
= 5, MF, = 5 Zeeman component. By locking the laser 
frequency to this line it is then possible to change its 
frequency by applying a longitudinal magnetic field to the 
cell. 

As "repumping" laser in the trap we use a grating 
extended-cavity diode laser locked to the F = 3 - F'  = 4 
hyperfine component of the cooling transition. This is 
necessary in order to avoid optical pumping of the atoms 
in the F = 3 level of the ground state that would be 
uncoupled respect to the cooling laser. 

We can vary the trap characteristics, such as number 
of trapped atoms and trap size, by changing the values of 
detuning of the trapping laser, intensity of the trapping 
laser and the magnetic field gradient. At a detuning of 
- 15 MHz, and field gradient of 17 Gauss/cm, l0 s atoms 

can be trapped in a volume of few mm 3. 

A second part of the apparatus is used to probe the 
atoms in the excited state of the trapping transition 
(6p 2P3/2 state). It consists of a commercial frequency- 
stabilized Ti: sapphire laser and an alkali cathode photo- 
multiplier to detect the fluorescence at 450 nm emitted by 
the atoms in the decay from the 7P state to the ground 
state. The Ti:Sa laser beam is superimposed on the trap- 
ping laser beam as shown in Fig, 2. 

The calibration of the probe laser frequency scan is 
obtained either by adding sidebands to the laser using an 
electro-optic modulator or using a previously calibrated 
1-m long confocal Fabry Perot interferometer. 

Resu l t s  and d iscuss ion  

The two-step transitions investigated in this work are the 
6s 2S1~2 -- 6p 2P3/2 - -  8s22S1/2, the 6s 2S1/2 - 6p 2p3/2 
- 6d D3/2, and the 6s S~/2 - 6p 2p3/2 - -  6d 2D5/2. The 
wavelength of the probe laser was, respectively, 794.4 nm, 
920.8 nm, and 917.2 rim. 

A typical spectrum recorded for the 6 s  2S1 /2  (]7 = 4)  - .  

6p 2P3/2(F' = 5) - -  8s 2S1/2(F" = 4) transition is shown 
in Fig. 3a. An important feature which can be observed in 
this spectrum is the splitting of the line in two compo- 
nents. The observed splitting can be understood taking 
into account the AC Stark shift of the atomic levels produ- 
ced by the trapping laser (Autler-Townes splitting). For 
a given Rabi frequency f2 and a laser detuning cSL, the 
Autler-Townes splitting is A = (62 + 02) 1/2. In the limit of 
large detuning of the pumping laser and low intensity of 
the probe beam, the two peaks can be considered as the 
signals corresponding to the two-step excitation (lower 
frequency peak) and to the coherent two-photon excita- 
tion (higher frequency peak). The two peaks are then 
shifted by a different amount with respect to the resonance 
frequency. Their lineshape is also different because the 
intermediate state plays a different role in the two cases 
and because of a different sensitivity to cotlisional pro- 
cesses. In Fig. 3b we show the signal obtained when the 
repumping laser beam is blocked. Both the relative inten- 
sity and the line broadening are different in the two cases. 
The same double-peak structure is obtainable when the 
trapping laser is blue detuned. This means that in this case 
the signal arises simply by the °'warm" (at room temperature) 
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Fig. 3a, b. Fluorescence signal tuning the Ti:sapphire laser on the 
62p3/2, F ' =  5 -  82S1/2,  F " =  4 transition, a Shows the signal ob- 
tained in the MOT, the double peak structure is due to the Autler- 
Townes effect, b Shows the signal obtained blocking the "repump- 
ing" laser 
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Fig. 4. Fluorescence signal derived for the 6zP3/2, F' = 
5 - 82S1/z, U '  = 4 transition in "warm" atoms, the trapping laser is 
blue detuned respect to the 62S1/2,  F = 4 - 62P312, U = 5 
transition. As explained in the text, a Gaussian pedestal ( . . . )  is 
visible below the narrower Lorentzian peak ( - - - ) .  The frequency 
scan is calibrated using the transmission fringes of a Fabry Perot 
interferometer (the free spectral range is 75 MHz) 

cesium background vapour in the cell. It is also possible to 
fit the two peaks with two Lorentzian profiles. As it can be 
seen in Fig. 4 (the registration is taken with the trapping 
laser blue-detuned), we can observe a pedestal well fitted 
by a Gaussian profile below the narrow peak. We expect 
that the two peaks obtained with "warm" atoms, arise by 
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Fig. 5. Autler-Townes splitting varying the trapping laser detuning 
fitted by the function reported in the text 

two-step transitions either with co-propagating or 
counter-propagating different colour photon. We think 
that a better investigation will be possible by using 
a simpler laser beam scheme in order to be able to clearly 
distinguish between different contributions. 

An accurate investigation of the lineshape and of the 
value of the Autler-Townes splitting of the lines can pro- 
vide useful information on the processes undergone by the 
cold atoms in the trap and by the effective laser intensity 
in the trap region which can complement the information 
obtained, for example, for the ground state by Raman 
spectroscopy [12 I. We measured the splitting for different 
values of the relevant parameters of the trap. In Fig. 5, for 
example, the behaviour of the splitting as a function of the 
trapping laser detuning is shown fitted by the theoretical 
function. In that way, it is possible to obtain from the fit 
the intensity of the trapping laser field experienced by 
trapped atoms in the MOT. In fact, a complete under- 
standing of the observed lineshapes is complicated by the 
interference of the six trapping beams and by the presence 
of the magnetic field. Moreover the linewidht of the Ti: 
sapphire laser affects the observed lineshape. Work is now 
in progress to study the lineshapes obtained using a very 
narrow probe laser in simplified conditions which can be 
obtained by switching off the magnetic field and the trap- 
ping beams and sending separate laser beams to excite the 
transitions. 

It is worth mentioning here that although the study of 
the Autler-Townes effect can be useful to understand the 
trap characteristics, it can represent a serious limit in 
those cases in which the absolute frequency of the 
transition is required such as in applications in which 
transitions between excited states are used as fiequency 
references. 

On the other hand, as far as the measurement of the 
hyperfine structure of the excited states is concerned, after 
a systematic investigation of the dependence of the meas- 
ured separations on the trap parameters, we found that 
accurate values can be obtained. In Table 1, the values we 
obtained for some hyperfine separations of the investig- 
ated 62D3/2, 62Ds/2 and 82S1/2 levels are reported. The 
measurements were taken at a value of the magnetic field 
gradient of 2 Gauss/cm and with a trapping laser intensity 
of 5 mW/cm 2. The separations were obtained by fitting 
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Table 1. Hyperfine splitting measured in this work compared with 
previous results 

Hyperfine HFS (MHz) HFS (MHz) 
levels this work other works 

62D3/z 81.5 ± 0.8 81.5 + 0.8 a ., 
U' = 5 - ,F"  = 4 == 

62D5/2 29.1 ,+ 0.5 28,0 + 0.6 b 
F " = 6 ~ F " = 5  22_+6 ~ 

62D5/2 22.1 + 0.7 23.4 + 0.2 u 
F " = 5 - , F " = 4  18+5 ~ = 
82S1/2 877.2 ± 0.8 ° 
U' = 4 --* U' = 3 876 + 3 877 + 6 a 

"Tai, C., Happer, W., Gupta, R.: Phys. Rev. A12, 736 (1975) 
bGeorgiades, N.P., Polzik, E.S., Kimble, HJ.: Opt. LeSt. 19, 1474 
(1994) 
Herrmann, P.P., Hoffnagte, J., Pedroni, A., Schlumpf, N., Weis, A.: 

Opt. Commun. 56, 22 (1985) 
d Gupta, R., Happer, W., Lam, L.K., Svanberg, S.: Phys. Rev. A6, 
2792 (1973) 
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Fig. 6. Fluorescence signal obtained tuning the Ti:sapphire laser 
on the 62P3/2, F' = 5 - -  62D3/2, F" = 4, 5 transitions. Each hyperfine 
component shows the Autler-Townes effect 

the experimental profile with multi-Lorentzian functions 
with the following assumptions: Autler-Townes splitting 
equal for all the hyperfine components  of the same 
transition, same amplitude ratio for the Autler-Townes 
doublet of different hyperfine components  of the same 
transition, and we assumed the same linewidth of the 
corresponding Autler-Townes resonance. In Figs 6 and 
7 typical recordings are shown obtained scanning the 
Ti :sapphire  frequency around the 62p3/2- 62D3/2 and 
62p3/z - 62Ds/z resonance. 

As already mentioned, the calibration of the frequency 
scan was provided either by sidebands at 48 MHz  added 
to the laser frequency with an electro-optic modula tor  or 
using a calibrated Fabry-Perot  interferometer. In Table 
1 the values we obtained are compared with those already 
existing in the literature. The values obtained for the 
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Fig. 7. Fluorescence signal obtained tuning the Ti: sapphire laser on 
the 62P3f2, F' = 5 -- 62D5/2, F" = 6, 5,4 transitions. Only the 
62P3/2, F' = 5 - 62D~/2, F" = 6 Autler-Townes splitting is well re- 
solved 

62D3/2 F ' '  = 5 - F "  = 4, 6ZDs/eF '' = 6 F"  = 5, 62D5/2 
F" = 5 - F"  =. 4, 82S1/2 f ' '  = 4 - F" = 3 hyperfine separ- 
ations are in good agreement with previous results. 

Levels 62D3/z and 6ZD5/2 had been already investig- 
ated by the conventional radiofrequency cascade decoup- 
ling technique [10] as discussed in [13]. For  the 620s/2 
level only an accuracy of 27% is given, while the result for 
the 62D3/z is more than one order of magnitude more 
accurate. More recently, data for the 62D5/2 were obtained 
in a M O T  [5] similar to ours but using two-photon (single 
colour) spectroscopy. The results were in marginal agree- 
ment with those obtained by Gupta  et al. [10]. Our results 
are in agreement with those by Kimble et al. [5], and show 
that in this case the radiofrequency cascade decoupting 
technique was suffering of some systematic effect. 

Our  results on the 6ZD3/2 level are, instead, the first 
obtained by laser spectroscopy and are in good agreement 
with the accurate radiofrequency cascade decoupling 
technique result. 

For  the 82S1/2 we obtained a slightly better accuracy 
than that reported by conventional spectroscopy. It is 
interesting to observe the agreement with the two-photon 
laser spectroscopy results [8] where the 82S1/2 
U '  = 4 - F"  = 5 separation had been extracted from op- 
tical calibration (using a confocal Fabry Perot inter- 
ferometer) of the two 62S1/2, F = 3 - 8Zs1/2, F = 3 and 
62S1/2, F = 4 - 82S1/2, F" = 4 components separation 
which one should have expected to be largely affected by 
the 9 G H z  ground state hyperfine structure. 

Work is in progress to develop a control system in 
order to have the possibility of doing measurements con- 
trolling the trapping lasers intensity and switching off the 
magnetic gradient field. This will allow us also to do 
frequency measurements. F rom this point of view it will be 
of great interest to study the 6 2 S 1 / z -  82p~/z cesium 
transition at 389 nm. We believe that this transition can 
offer a number of interesting possibilities. The linewidth is 
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less than 500 kHz and is suitable for precise line-center 
determination. More important,  the 389 nm radiation can 
be generated by frequency-doubling light at 778 nm which 
is in close coincidence to that used to induce the two- 
photon 5 Z s 1 / 2  - -  52D3/2 transition in SVRb. The rubidium 
frequency standard already used for the direct frequency 
measurement in helium [143, and more recently in a novel 
scheme for frequency measurement at 530 nm, could also 
provide an absolute frequency measurement  of cesium. 
This could hence prove to be an easy frequency standard 
in the near UV. The weak line strength must, of course, be 
considered (indeed the anomaly in the $ 1 / 2 -  P1/2,3/2 
doublet as revised by zu Putlitz [153 yields an oscillator 
strength of about  10-4); however in our laboratory we 
have already had some preliminary results obtained in 
a conventional cell. 

Conclusions 

Two-step spectroscopy of trapped atoms allows high res- 
olution spectroscopy of excited states. Although this 
method is not suitable to measure the absolute frequency 
of the transitions because of the AC Stark shifts produced 
by the trapping laser, the levels structures can be resolved 
and accurately measured. The study of the line profile can 
also provide important  information on the trap environ- 
ment and can be extended to the study of collisions involv- 
ing ultra-cold atoms. 

The work was performed at LENS (European Laboratory for Non 
Linear Spectroscopy). The authors thank C. Satomon, J. Reichel and 

P. Verkerk for very useful suggestion on the trap and stimulating 
discussion. 
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