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Abstract. We present direct observation of the velocity-selective optical pumping of the Cs ground state
hyperfine levels induced by the femtosecond (fs) laser oscillator centered at either D2 (6 %S, )2 — 6 2p, /2
852 nm) or D1 (6 281/2 — 6 2P1/2, 894 nm) cesium line. We utilized previously developed modified direct
frequency comb spectroscopy (DFCS) which uses a fixed frequency comb for the excitation and a weak
cw scanning probe laser centered at the 133Cs 6 281/2 — 6 2P3/2 transition (D2 line) for ground levels
population monitoring. The frequency comb excitation changes the usual Doppler absorption profile into a
specific periodic, comblike structure. The mechanism of the velocity selective population transfer between
the Cs ground state hyperfine levels induced by fs pulse train excitation is verified in a theoretical treatment
of the multilevel atomic system subjected to a pulse train resonant field interaction.

PACS. 32.80.Qk Coherent control of atomic interactions with photons — 42.50.Gy Effects of atomic co-
herence on propagation, absorption, and amplification of light; electromagnetically induced transparency

and absorption

1 Introduction

Mode-locked, phase-stabilized femtosecond (fs) lasers with
high repetition rates produce stabilized wide-bandwidth
optical frequency combs [1]. It is possible to directly ref-
erence the comb spacing and position to the microwave
cesium time standard, thereby determining the absolute
frequencies of all comb lines. Such series of secondary ref-
erence lines that may be extended across the optical spec-
trum brought a revolutionary advance in metrology [2],
optical frequency synthesis [3] and spectroscopy [4].

The high-resolution frequency comb spectroscopy of
one- and two-photon transitions in laser-cooled and
trapped rubidium atoms was reported in [5-8]. In these
experiments frequency comb frequency offset could be var-
ied. The one-photon signal was observed whenever one of
the laser modes was resonant with a transition frequency
of the atomic system. In the case of the two-photon transi-
tions the counter propagating beams were used. Thus, sev-
eral hundred thousand comb line-pairs with the same sum
frequency contributed to the two-photon transition. The
authors of reference [6] reported about unification of the fs
comb time and frequency domain. As a result, a direct fre-
quency comb spectroscopy (DFCS) was developed, allow-
ing simultaneous investigation of the time-resolved atomic
dynamic and spectral probing in the frequency domain. In
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systems with relaxation times larger than the laser repe-
tition period, the medium accumulates excitation in the
form of excited-state populations and coherences [9]. The
authors emphasize the necessity of considering accumu-
lative effects for a full explanation of the coherent con-
trol signal obtained from the rubidium vapor was demon-
strated. The fs-pulse train effects in two- and three-level
rubidium atoms were investigated experimentally and the-
oretically [10,11]. Recently, we investigated fs-pulse train
effects in four- and six-level rubidium atoms and reported
about direct observation of the velocity-selective optical
pumping of the Rb ground state hyperfine levels [12,13].

We might proceed to search for new insights by keeping
the repetition rate constant and testing other stable or un-
stable alkali isotopes with different hyperfine structure. In
the present paper we demonstrate that the modified DFCS
can be equally well applied to cesium atoms. The velocity-
selective optical pumping of the Cs ground-state hyperfine
levels induced by the femtosecond (fs) laser oscillator cen-
tered at either D2 (6 281/2 — 6 2P3/2, 852 nm) or D1
(6 281/2 — 6 2P1/2, 894 nm) cesium line was observed.
Femtosecond pulse-train excitation leads to population
and coherence accumulation effects, which give rise to a
velocity-dependent excitation of the Doppler-broadened
atomic system, resulting in the velocity-selective optical
pumping mechanism. We investigate the 33Cs 6 2S; /2
hyperfine-level population by monitoring the 6 2S; /2 —
6 2Py /2 probe cw laser absorption. The interaction of



448

the inhomogeneously broadened six- and four-level cesium
atom with the fs pulse train was theoretically treated.
Theoretical modeling was carried out utilizing standard
density matrix formalism, references [11,13,14].

2 Experiment

We have used experimental ideas developed in our pre-
vious measurements of the rubidium optical frequency
comb. The experimental setup is, in all its essential parts,
analogous with the one presented in references [12,13].
A Tsunami mode-locked Ti:sapphire laser with ~100 fs
pulses and a pulse repetition of 80 MHz generated the
frequency comb which was fixed during the experiment.
The peak wavelength of the pulse was centered at either
133Cs 6 281/2 — 6 2P3/2 transition at 852 nm (D2 res-
onance line) or at 33Cs 6 281/2 — 62 P12 transition
at 894 nm (D1 resonance line). Due to the substantial
wavelength separation, femtosecond laser average power
was not equal for two coupling wavelengths. The aver-
age power, measured at the entrance of a cesium cell, was
430 mW for fs laser tuned to 852 nm and for 894 nm case
it was reduced down to 220 mW. The spectral full width
at half maximum (FWHM) was around 10 nm (9 nm)
when fs laser was centered at 852 nm (894 nm). The fs
laser beam was focused with a f = 1 m lens into the sam-
ple cell producing a beam waist of about 300 pm, similar
to the probe beam waist reduced using an iris. Scanning
of the *3Cs 6 2S;/5 — 6 2P3/5 hyperfine ground levels
absorption profiles was obtained using the ECDL diode
laser with linewidth of <1 MHz tuned to 852 nm with
a mode hop free tuning range of about 15 GHz. Its fre-
quency was scanned across the Doppler-broadened profile
at a 25 MHz/ms scanning rate. Probe laser (ECDL) field
power was reduced using a neutral density filter down to
~2 pW/mm? (measured before entering the sample cell)
to avoid saturation effects. The cesium cell with dimen-
sions of 2.5 cm in diameter and 5.0 cm in length was placed
inside the Plexiglas container. The signal acquisition was
composed of one Hamamatsu Si fast photodiode connected
to the digital storage oscilloscope (Tektronix TDS5104).

The photodiode was placed at the distance of about
7 m from the cell in order to spatially separate the fs and
probe beams. Additionally, the probe beam polarization
was changed by using the A/2 plate and placing an an-
alyzer before the detector. In that manner we were able
to substantially reduce the presence of the fs laser sig-
nal and to observe only the probe absorption modified
by the velocity-selective optical pumping induced by the
frequency comb excitation.

3 Theory

Theoretical modeling of the fs-pulse train interaction with
the Doppler-broadened cesium vapor was carried out uti-
lizing standard density-matrix analysis [11-14]. We start
from the Liouville equation for the density-matrix ele-
ments pg; (k=1,2 and I = 3, 4, 5, 6 for lower and upper
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state, respectively):

dpri

P — L G A =~ 7 1)

The Hamiltonian of the system H = Hy 4+ Hiy consists
of two parts: Hy is the Hamiltonian of the free atom and
Hint = —pi E7(t) represents the interaction of the atom
with the laser electric field Ep(t). The values for the ef-
fective dipole moment p; of electronically allowed transi-
tions (F, — F. = F,, F; £ 1) were taken from [15]. The
detailed description of the electric field Ep(t) of the pulse
train together with the related notation is given in our
previous work, reference [13].

The Liouville equation is modified with the term that
takes into account the repopulation of the ground states
due to the spontaneous decay from the excited states and
with the collisional mixing term, as well. The collisional
mixing term IT describes the thermalization of the hy-
perfine levels and it can be calculated, according to [14],
as a product of atomic number density N, the collision
cross section o and the average atom velocity v. For ce-
sium vapor o = 2.35 x 10712 cm? [16], whereas N and v
are temperature dependent. Under the experimental con-
ditions, at room temperature (T = 296 K), their val-
ues are v = 193 m/s and N = 1.22 x 101 m~2 which
yields II = 55.4 Hz, which is even five orders of magni-
tude smaller than the population and coherence relaxation
rates. This explains the existence of the optical pump-
ing of the ground hyperfine states. As it was noticed be-
fore, since the pulse repetition period Tr = 12.5 ns is
smaller than the relaxation times of the system, the sys-
tem can never completely relax between two consecutive
laser pulses which leads to the accumulation of the coher-
ences and the excited-state populations.

The population decay rates (I = 1/Tx;) were calcu-
lated from the cesium upper states (6 2P1/273/2) popula-
tion lifetimes 7', which amount 30.47 ns and 34.89 ns for
6 %P5 s2 and 6 2P, /2 excited states, respectively. The coher-
ence decay rates (yx;) for the 4-level system are calculated
according to [14]:

Y2 = I (2a)
’7132’723=%+%+H (2b)
’)’14:’)’24:%+%+H (2¢)
734:E+&+ﬁ+@+17. (2d)

2 2 2 2

Similarly, for the 6-level system there are 15 coherence
decay rates:

M2 =11 (3a)
713 = Y23 = % +1I (3b)
’7142’7242%4-%—1—17 (3¢)
’)’15:’)’25:%+%+H (3d)
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From equation (1) a system of ten (twenty one) cou-
pled differential equations for the slowly varying density-
matrix elements can be obtained for the four levels 133Cs
6 281/2 — 6 2P3/2 (six levels 133Cs 6 281/2 — 6 2P1/2)
transition. The theoretical model is analogous to the one
employed in our previous paper [13] where the interac-
tion of the fs pulse train with four- and six-level Rb sys-
tem was considered. There, the complete set of the differ-
ential equations was presented, including the additional
terms (repopulation terms and collisional mixing term)
with detailed description and extended explanation. Six-
level Cs system (D2 transition) comprises two ground
(F, = 3, 4) and four excited (F, = 2, 3, 4, 5) hyper-
fine levels, Figure la, whereas the four-level Cs system
(D1 transition) consists of two ground (F, = 3, 4) and

D1 transition

Fig. 1. Cesium D2 transition (six-
level) (a) and D1 transition (four-level),
(b) hyperfine structure scheme.

(b)

two excited (F. = 3, 4) hyperfine levels, Figure 1b. The
population of the kth atomic level is given by the diagonal
density-matrix element pgr, whereas off-diagonal elements
o = prie Lt represent the slowly varying envelope of
coherences.

The inhomogeneous Doppler broadening of about
380 MHz for cesium resonance lines at room temperature
is significantly larger than the homogeneous broadening.

As a result, the atomic transition frequency wgy. must be

replaced with a w;e = Wge + k- U, where k is the laser

wave vector and U 1s the atomic velocity vector. The atoms
with different velocities correspond to different detuning,
§ = k- so for given wy, and given Fy; — F, hyperfine tran-
sition there is a specific velocity group (d,, detuning) which
fulfills w,, = w;e resonant condition. Since the pulse train
frequency spectrum consists of a comb of laser modes sep-
arated by 1/Txr (80 MHz), the resonant condition is also
satisfied for the atoms with detuning § = §,, + 27k/Tk,
where k is a positive integer. Consequently, different ve-
locity groups of the atoms can be distinguished by means
of the excitation (accumulation) process due to the inter-
action with the frequency comb. As a result, the velocity-
selective optical pumping of the Cs ground state hyperfine
levels and the velocity-selective population in excited hy-
perfine levels is observed.

The time evolution of the atomic level populations
and coherences was obtained solving the system of cou-
pled differential equations for the slowly varying density-
matrix elements. The system of differential equations was
integrated using a standard fourth-order Runge-Kutta
method. From the calculated values of the hyperfine
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ground state populations pi; and pos the theoretical
simulation of the measured absorption lines can be ob-
tained. For each hyperfine transition, we calculated the
convolution of the velocity distribution of the ground
state population with the Lorentzian profile of natural
linewidth. The absorption lines were calculated by adding
the contributions of three hyperfine components for the
D2 transition case, i.e. two hyperfine components for the
D1 transition at 894 nm.

presented.

4 Results and discussion

The calculated hyperfine ground- and excited-state lev-
els populations for different atomic velocity groups (dif-
ferent detuning §) are presented in Figures 2 and 3 for
D1 transition (6 281/2 — 6 2P1/2) and D2 transition
(6 281/2 — 6 2P3/2), respectively. The level populations
vary periodically with a period of 80 MHz, which is a
direct consequence of the comb frequency spectrum. For
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the 1#3Cs 6 2S; /5 — 6 2P3 /o transition (D2), the calcula-
tions were performed for the laser electric field amplitude
5.2x10° V/m, Tg = 12.5ns, @r = 0, and wy, equal to the
6 2S1/2 (Fy = 3) — 6 2Py (F. = 2) transition frequency.
In the case of the ¥3Cs 6 281/2 — 6 2P1/2 transition (D1),
related average power was reduced down to 220 mW, as a
consequence of the decreased laser electric field amplitude
of about 3.2 x 105 V/m. The other parameters remained
the same, i.e., T = 12.5 ns, P = 0 and wr, equals to the
6 2S1/2(Fy = 3) — 6 2Py 2(F. = 3) transition frequency.

In the case of 6 281/2 — 6 2P1/2 excitation, the
F, = 3 ground level population (p11) in one 80 MHz pe-
riod exhibits two maxima and one minimum, Figure 2.
The minimum formed in p1; corresponds to the maximum
in po2 and vice versa. When the laser is resonant with the
F, =3 — F. = 3 transition (minimum in p11), it is 7 MHz
off-resonance with the respect to the Fy =4 — F, = 3
transition (maximum in p11, larger minimum in pos). The
reason for such behavior lies in the fact that the 6 2S; /2
hyperfine splitting is 9193 MHz, nearly the multiple of
80 MHz. The F, = 4 — F, = 3 transition is responsible
for the maximum in the ps3 fractional level population.
The Fy, = 3 — F. = 3 transition, due to the significantly
lower transition probability does not have such impact
on ps3 creation. Two maxima in py; (minima in pa) are
separated by & = 47 MHz, Figure 2. This comes as a
result of the 1167 MHz energy splitting between the ce-
sium excited-state hyperfine energy levels (F. = 3 and
F, = 4). The F;, = 3 — F, = 4 transition (minimum
in p11) is also 7 MHz off-resonance with the respect to

the Fy = 4 — F, = 4 transition (smaller maximum in
P11, minimum in pgq). As a result, due to the equal val-
ues of the relative transition probabilities (Fig. 1) and

(Fe = 2) transition.

near-resonance condition, both transitions participate in
the p44 level population and their contributions are diffi-
cult to distinguish. Due to the 80 MHz laser mode sep-
aration in the frequency comb spectrum, the resonance
condition for the F, — F¢, F, £ 1 transition is achieved
for the detuning of 47 MHz. Two consecutive maxima in
the excited-state fractional level population (ps3 and p44)
are separated by 35 MHz and 45 MHz, which can be also
observed in Figure 5 as a double peak in each modulation
of the Doppler-broadened absorption lines.

In the case of 6 281/2 — 6 2P3/2 excitation, the Fy =3
ground level population (p11) in one 80 MHz period ex-
hibits one maximum and two minima, Figure 3. At the
same time, one can observe one minimum and two maxima
in F,; = 4 ground level population (p22). The laser is reso-
nant with the optically closed Fy = 3 — F, = 2 transition
(detuning 6 = 0 MHz) but it does not reduce p1; due to
the weak relative transition probability. For the optically
closed transitions, the minimum in p;; does not lead to
maximum in pse. The reason why one cannot observe the
considerable decrease in p;; is due to the small fractional
excited-level population ps3 that is around 0.5%. The sim-
ilar effect was observed in rubidium [13]. The larger mini-
mum in p;; comes as the result of the Fy = 3 — F, = 3 hy-
perfine transition, which is 71 MHz detuned with respect
to the 80 MHz separation in the comb spectrum (F, = 2
and F, = 3 have energy separation of 151 MHz). Smaller
minimum in p;; comes as a result of F; =3 — F, =4
transition, although the pss excited-state population is
mainly created due to the F; = 4 — F, = 4 transition
which has larger transition probability (minimum in pa3).
Since the Fy, = 3,4 — F., = 3,4 transitions are opti-
cally open ones, they induce strong optical pumping of
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the ground hyperfine-level populations. Hence, when the
resonant condition is fulfilled for one of these transitions,
the minimum in p;; creates the maximum in ps2, and
vice versa. The transitions with the same upper hyperfine
level, such as F;, = 3 — F. = 4 transition (minimum in
p11) and F;, = 4 — F, = 4 transition (larger minimum
in pog), are 7 MHz off-resonance as a consequence of the
6 281/2 hyperfine splitting (9193 MHz), which is nearly
the multiple of 80 MHz. Due to the weak relative tran-
sition probability, the Fyy = 4 — F, = 3 transition does
not lead to the additional depletion of po5 population.
Fy =4 — F, = 5 transition is optically closed one and it
should create minimum in pss, without relating maximum
in p11. This minimum in pgg is barley discernible (it is
marked with the circle in Fig. 3). The excited-level popu-
lations are below 1%, except for the F, = 5, which value is
2.7% (at the maximum), due to the optically closed transi-
tion with a strong transition probability. Low power of the
femtosecond pumped laser is additional reason for small
fractional level population of excited-states. Since the col-
lisional mixing term is five orders of magnitude smaller
than the population and coherence relaxation rates, the
significant optical pumping of the ground hyperfine states
is achieved.

From the discussion given above it is obvious that the
133Cs ground- and excited-state hyperfine level popula-
tions are determined by the hyperfine energy splittings
and relative transition probabilities, resulting with a pe-
riodic behavior given by the mode separation in the fre-
quency comb (periodically with 80 MHz).

The experimental observation of the hyperfine ground-
state populations is achieved by monitoring the weak cw
probe laser transmission. The absorption spectra consist
of two lines that present the hyperfine splitting of the

ground state, which amounts to 9193 MHz. Each line
consists of three Doppler-broadened hyperfine transitions
(6 2S1/2(Fy) — 6 2P3/5 (F. = Fy, Fy £ 1)), which is illus-
trated in Figure 4. The frequency comb is also presented
in Figure 4 with the central laser frequency wy equal to
6 281/2 (Fy=3)—6 2P3/2 (F. = 2) transition frequency,
corresponding to the calculations presented in Figure 3. In
Figures 5 and 6 we present the measured and simulated
133Cs absorption lines in the cases of 6 281/2 — 6 2P3/2
and 6 2S; 12— 6 2P, /2 fs laser excitations, respectively.
The theoretical simulations of the measured absorption
spectra were calculated utilizing p;; and pso hyperfine
ground-level populations, shown in Figures 2 and 3.

By changing the fs-laser excitation from 6 2S; 2 =
6 2P3/2 to 6 281/2 — 6 2P1/2, we observed characteristic
changes both in the intensity and shape of the modula-
tions in cesium absorption profiles. The stronger modu-
lations were observed in the case when the fs-laser was
tuned on 6 281/2 — 6 2P3/2 transition (430 mW), due to
the higher average power than for the 6 2 Sij2 — 6 2P1/2
case (220 mW). As was reported before in reference [13],
the relative modulation intensities depend on the fs-laser
power, i.e. increasing the laser power increases the mod-
ulation intensities. Any additional power increase results
in the saturation of the modulation intensities. In our ex-
perimental conditions the fs-laser powers were below that
value.

5 Conclusion

In conclusion, we have presented an experimental and the-
oretical study of the resonant excitation of cesium atoms
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with the fs-pulse train treated in frequency domain. The
133Cs (6 2Py 2,3/2) excited atomic states have relaxation
times greater than the fs-laser repetition period. In the
time domain this leads to population and coherence ac-
cumulation effects, whereas in the frequency domain it
corresponds to the interaction of the cesium atoms with
the fs-frequency comb. As a result, we were able to observe
a velocity-selective, comblike excited-state hyperfine-level
populations and, simultaneously, velocity-selective pump-
ing of the ground-state hyperfine levels.

The modulations in the 6 2S;,5 — 6 *P3/5 hyperfine
absorption line profiles were observed utilizing a simple ex-
perimental apparatus. The monochromatic weak cw scan-
ning probe laser was employed for ground-level population
monitoring, while the 6 281/2 — 6 2P1/2,3/2 excitations
were achieved with the fixed-frequency comb. The fs-pulse
train excitation of a Doppler-broadened cesium vapor was
theoretically treated in the context of the density-matrix
formalism. By comparing the experimental results with
the simulated 6 281/2 — 6 2P3/2 absorption profiles we
can observe satisfactory agreement.

This work confirms that the modified DFCS developed
on ®*Rb and 8"Rb atoms can be applied on cesium atom,
as well. Although these two atomic systems are basically
different, the experimental results and the theoretical sim-
ulations give reproducible results. The cesium atom serves
as the primary standard of time and it plays an important
role in many experiments on laser cooling, trapping, atom
interferometry and the precise measurements, therefore it
presents an interesting subject for the further investiga-
tions. It would be interesting to investigate the same effect
on cesium with cw laser fixed on D1 line (894 nm) due to
the relatively simple transition hyperfine 4-level structure
and the large ground- and excite-state hyperfine splittings
(over 1 GHz).

We foresee a prospect of our present work in an at-
tempt to directly select only the central velocity group
with § = 0 m/s. This may lead to an effective cooling
of the sample. Furthermore, if we take six different fs
laser beams, at right angle to each other, we might pos-
sibly bring about a specific cooling effect to the sample
in 3 dimensions. This scheme, already well-known in the
magneto-optical trap (MOT) can be employed here, with
essentially the same result — the preparation of ultra-
cold atom sample. In addition to this, some of the fre-
quency comb lines may become active in photoassocia-
tion process, thus simultaneously forming ultracold alkali
molecules. Making and trapping ultracold molecules is cer-
tainly one of the most important and very attractive goals
of our investigations.

We acknowledge the support from the Ministry of Science, Ed-
ucation and Sports of Republic of Croatia (Projects 0035002),
European Commission Research Training Network on Cold
Molecules (FW-5) and Alexander von Humboldt Foundation
(Germany).

References

J—

S.T. Cundiff, J. Ye, Rev. Mod. Phys. 75, 325 (2003)

2. S. Witte, R.Th. Zinkstok, W. Udbachs, W. Hogervorst,
K.S.E. Eikema, Science 307, 400 (2005)

3. K.R. Vogel, S.A. Diddams, C.W. Gates, E.A. Curtis, R.J.
Rafac, W.M. Itano, J.C. Bergquist, W. Fox, W.D. Lee, J.S.
Wells, L. Hollberg, Opt. Lett. 26, 102 (2001)

4. Th. Udem, J. Reichert, R. Holzwarth, T.W. Hansch, Phys.
Rev. Lett. 82, 3568 (1999)

5. M.J. Snadden, A.S. Bell, E. Riis, A.I. Ferguson, Opt.

Commun. 125, 70 (1996)



454

6.

7.

8.

9.

10.

11.

The European Physical Journal D

A. Marian, M.C. Stowe, J.R. Lawall, D. Felinto, J. Ye,
Science 306, 2063 (2004)

H.-C. Chui, M.-S. Ko, Y.-W. Liu, J.-T. Shy, Opt. Lett. 30,
842 (2005)

A. Marian, M.C. Stowe, D. Felinto, J. Ye, Phys. Rev. Lett.
95, 023001 (2005)

D. Felinto, C.A.C. Bosco, L.H. Acioli, S.S. Vianna, Phys.
Rev. A 64, 063413 (2001)

D. Felinto, C.A.C. Bosco, L.H. Acioli, S.S. Vianna, Opt.
Commun. 215, 69 (2003)

D. Felinto, L.H. Acioli, S.S. Vianna, Phys. Rev. A 70,
043403 (2004)

12.

13.

14.

15.

16.

D. Aumiler, T. Ban, H. Skenderovié¢, G. Pichler, Phys. Rev.
Lett. 95, 233001 (2005)

T. Ban, D. Aumiler, H. Skenderovié¢, G. Pichler, Phys. Rev.
A 73, 043407 (2006)

J.R. Boon, E. Zekou, D.J. Fulton, M.H. Dunn, Phys. Rev.
A 57,1323 (1998)

D.A. Steck, cesium D line data,
http://steck.us/alkalidata

I. Estermann, S.N. Foner, O. Stern, Phy. Rev. 71, 250
(1947)



