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The laser-intensity dependence of the photoassociation spectrum of
the ultracold Cs2(6S1/2 + 6P1/2) 0+
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The high-resolution photoassociation spectrum of the ultracold cesium molecular 0+u state below the 6S1/2 + 6P1/2
limit is presented in this paper. The saturation of the photoassociation scattering probability is observed from the depen-
dence of the trap-loss probability on the photoassociation laser intensity. The corresponding resonant line width is also
demonstrated to increase linearly with increasing photoassociation laser intensity. Our experimental data have good con-
sistency with the theoretical saturation model of Bohn and Julienne [Bohn J L and Julienne P S 1999 Phys. Rev. A 60
1].
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1. Introduction
Photoassociation (PA) of cold atoms has been used as a

versatile tool for the formation of ultracold molecules in the
past few decades.[1–4] In contrast to molecule formation us-
ing Feshbach resonances, PA allows the population of specific
rovibrational levels, even those deeply bound in the molecu-
lar potentials. In the PA process, starting with pre-cold atoms
in the cesium magnetic optical trap (MOT),[5] two colliding
ground-state atoms absorb a photon and form an electron-
ically excited molecule at certain rovibrational levels with
rather large internuclear separations. The excited molecule
has two endings: one is spontaneous decay to form a pair
of free atoms, and the other is the transition to ground state
to form an ultracold ground-state molecule that has a small
fractional probability. So far, PA spectra have been demon-
strated for alkali atoms, alkaline earth atoms, and metastable
helium atoms.[2] The PA spectra of ultracold atoms have pro-
vided significant information about the ground-state collision
properties[6,7] between alkali-metal atoms, accurate measure-
ments of the molecular parameters, the PA rate coefficients,
and the radiation lifetimes.[8] PA experiments have also given
us knowledge of the molecular potentials of the long-range ex-
cited state, from which Franck–Condon factors can be calcu-
lated, and have allowed us to determine the scattering lengths.
Recently, PA studies have been extended to the research of
inelastic molecule–atom scattering at ultracold temperatures
in heteronuclear dimers, controlled with ultrashort or shaped
laser pulses.[9]

The investigation of the dependence of PA probability
on laser intensity is of great interest for understanding ultra-
cold collisions and determining the scattering wave function
and scattering length. It is a determinative step in the overall
molecular formation rate. In the past decades, several inves-
tigations of the PA rate have been performed in various sam-
ples. McKenzie et al.[10] measured the PA spectra for various
intensities and durations of the light pulse in a sodium Bose–
Einstein condensate, and obtained the limit of the PA rate co-
efficient, the line shape, and the shift in resonance. Schloder
et al.[11] studied the intensity dependence of the hyperfine-
resolved singlet spectrum in a 6Li7Li two-species MOT. Por-
dan et al.[12] also found that the PA rate is saturated at the
unitarity limit of the inelastic scattering cross section of a 7Li
Bose–Einstein condensate. Kraft et al.[13] then showed the
saturation of cesium molecule photoassociation in an optical
dipole trap. Mickelson et al.[14] investigated the saturation ef-
fects in the PA spectrum of 86Sr in 2006. As mentioned above,
these studies have presented the laser intensity dependences
of the PA rate coefficient in various alkali molecules. How-
ever, a systemic measurement of the intensity dependence of
the PA rate of the 0+u state below the 6S1/2 + 6P1/2 limit has
not been performed yet because the 0+u state does not have a
special double well structure and the 0−g state to manipulate
the molecule better in the potential curves.

In this paper, we present the PA spectrum of the 0+u state
below the 6S1/2 + 6P1/2 dissociation limit with high-resolution
in a cesium MOT by monitoring the fluorescence of trapped
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atoms as a function of PA laser frequency. The dependences
of both the PA probability and the line width of the resonant
signals on the laser intensity are also analyzed. Our exper-
imental data can be fit to the theoretical saturation model,
which is based on the multichannel characteristics of the PA
process.[15] The intensity dependences of the PA probability
and the line width for different rotational levels at the v = 169
vibrational level of the Cs2 long-range 0+u state are presented,
and the difference in the saturation intensity between different
rotational progressions are also analyzed.

2. Experimental setup
The experimental setup has been presented in our previ-

ous paper.[16] Our experiment was performed in a vapor-cell
MOT (see Fig. 1). The MOT is operated in a mutually orthog-
onal six-beam configuration with opposite σ+/− polarizations

of an intensity of nearly 3 mW/cm2. The magnetic field of the
trap was provided by a pair of anti-Helmholtz coils with a gra-
dient of 15 Gs/cm (1 Gs = 10−4 T) along the axis of the coils.
A sample of ultracold Cs atoms was loaded in the trap with
a background pressure of about 10−7 Pa. The trapping laser
frequency was red detuned from transition 6S1/2(F = 4)→
6P3/2(F ′ = 5) by about two natural line widths, while the re-
pumping laser was 6S1/2(F = 3)→ 6P3/2(F ′ = 4). Both the
trapping beam and the repumping beam were produced from
a frequency-stabilized diode laser system (DL100). In our ex-
periment, the temperature of the sample was about 200 µK,
obtained by the time-of-flight method. The atomic number
was measured to be about 5×107 using the absorption method,
and the dimension of the cold atom cloud was about 700 µm,
as measured by a charge-coupled device (CCD) camera, re-
sulting in available intensities up to 150 W/cm2.
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Fig. 1. (color online) The experimental setup. SAS: saturation absorption spectrum; HP: half plate; BE: beam expander; QP: quarter
plate; PBS: polarization beam splitter; AOM: acoustic optical modulator; M: reflector.

The PA laser was provided by a widely tunable tita-

nium:sapphire laser system (MBR 110) with a typical power

of 600 mW and a line width of about 100 kHz, which was

pumped by an argon ion laser. The continuity and linearity

of the frequency scans were monitored by a wavelength meter

with a high accuracy of 0.002 cm−1. The wavelength meter

was repeatedly calibrated against the atomic transition. When

the frequency of the PA laser was scanned over the resonant

position of the rovibrational levels of molecular excited states,

a pair of atoms would absorb a photon and form an excited
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molecule. The formed cold excited molecules spontaneously
decayed either into two free atoms or into the ground state
molecule that we want to obtain. It should be noted that the
scanning time should be longer than the atom loading time,
which was about 15 s in our experiment.

The fluorescence signal of the ultracold atoms repre-
sented the trap-loss of the trapped atoms, so we refer to
this technique as trap-loss spectroscopy.[17] The fluorescence
signal was collected by a convex lens and detected by an
avalanche photodiode with 850 nm band-pass filters. Some
of the effective signals submerge into the stray signals, so we
used the lock-in method based on modulated ultracold atoms
to improve the signal-to-noise ratio of the fluorescence signal.
We used a modulation frequency of 3.5 kHz to stabilize the
trapping laser frequency. The frequency variation led to the
modulation of the intensity of the fluorescence signal, which
was derived from the trapping atoms with the same frequency.
The modulated signal was demodulated with a lock-in ampli-
fier and recorded with a computer. The trap loss spectroscopy
is superior to other techniques, so it can directly provide us
with abundant information about the photoassociation of ul-
tracold atoms. In this paper, in order to study the dependence
of PA on laser intensity, we only present the trap loss spectrum.

3. Theoretical model
In the regime of low laser intensity, the PA rate is propor-

tional to the laser power, as shown by Prodan et al.[12] For the
high-intensity regime, a semianalytic model of the PA rate was
derived in Bohn’s report,[18] in which the scattering process in
a dressed molecular state picture was treated. The PA rate co-
efficient G can be written as an averaged product of relative
velocity vr, maximal inelastic cross section β , and scattering
probability |S|2 as follows:

G = 〈βv〉 |S|2 =
〈

π

k2 vr

〉
|S|2 . (1)

According to Eq. (1) the upper limit of the PA rate is the
inelastic scattering rate. At a maximum rate, in each scattering
event the atom pair absorbs a photon and is converted into a
molecule. The scattering probability between the free scatter-
ing wave function and a bound molecular state is calculated to
have a Lorentzian shape and can be written as

|S|2 = γΓ

[E− (∆ +E1)]
2 +

(
γ +Γ

2

)2 , (2)

where Γ is the absorption rate stimulated by the PA laser, γ the
decay rate of the bound excited state, ∆ the PA laser detuning
related to the resonance of rovibrational levels, E the energy
difference between the two states, and E1 the new energy after
a light-induced energy shift.

In the theoretical model of Bohn and Julienne[18] for pho-
toassociation in strong laser fields, the stimulated rate of ultra-
cold atoms, Γ , which is dependent on PA laser intensity I, de-
notes the coupling strength defined by the overlap of the initial
continuum wave function |Φ(Ekin→ 0)〉 with the final bound
state wave function |Ψ(v)〉, and is expressed as

Γ = 2π
(
Veg
)2 |〈Ψ(v)|Φ(Ekin→ 0)〉|2 , (3)

where Veg is the Rabi frequency of the electronic transition,
which is proportional to the square root of the laser intensity; Is

is the saturation intensity introduced according to I/Is = Γ /γ;
and γ is the spontaneous decay rate, which is not dependent on
PA laser intensity, as it is determined only by the coupling be-
tween the bound state wave function Ψ and ultimate free state
wavefunction Φ1, and expressed as

γ= 2π |〈Ψ |Φ1〉|2 V 2, (4)

with V being the artificial coupling element between the bound
excited state and the ultimate free state. Γ increases with
increasing PA laser intensity I, while γ remains unchanged.
When this intensity Γ becomes comparable to the spontaneous
emission line width of 12 MHz, the transition begins to satu-
rate, i.e. Γ (Is) = γ , which shows that Is is determined by both
Γ and γ , and further determined by the excited state wave-
function Ψ . The excited state wavefunction is different at the
different rotational progressions in the same vibrational state,
so there is a consequential difference in Is. In addition, Γ drops
to zero in proportion to E1/2, owing to the energy dependence
of the Franck–Condon factor in Eq. (3). As this drop-off oc-
curs on an energy scale comparable to γ , it must be included
in any PA line-shape analysis, as has been emphasized.

The inelastic-scattering probability in Eq. (2) is in the
form of a Lorentzian distribution, but in the low-energy regime
both the width Γ and the energy shift E1 have explicit thresh-
old variations. In order to obtain the maximum amplitude of
the resonant line, let Eshift be equal to ∆ , that is (−∆ +Eshift)=

0, Γ /γ = I/Is, where Is represents the saturation intensity of
PA. Then the trap loss probability maximum can be written as

|Smax|2 =
4γΓ

(γ +Γ )2 , (5)

and its broadened width is δ fFWHM = γ +Γ .
Introducing the saturation intensity Is as the intensity

where the induced rate Γ is equal to the spontaneous decay
rate γ , one obtains a maximal scattering probability

|Smax|2 =
4IIs(J)

[I + Is(J)]
2 , (6)

and a width of

δ fFWHM = γ(1+ I/Is). (7)
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4. Experimental results and discussion
The study of PA spectroscopy is extremely helpful in un-

derstanding the underlying dynamics of the PA process for
future experiments. The dependence of the PA rate on laser
intensity is of particular interest since we can indirectly de-
termine the timescales of molecule formation. The relevant
theoretical studies of the PA scattering probability have been
reported.[19] The PA rate is predicted to increase linearly with
the increase in intensity at low intensities, while various mech-
anisms responsible for the saturation of the rate at high inten-
sities have been proposed.

The data scans include transitions to 0−g and 1g, as well
as 0+u PA resonances.[20] We focus on just the 0+u series in
this report. We scan the partial PA spectrum of cesium atoms
below the 6S1/2 + 6P1/2 limit (See Fig. 2). In this figure, we
also present the detailed vibrational spectra of v = 163 and
v = 169 in the inset, respectively. Pichler et al.[21] accurately
detected the vibrational levels of the 0+u state utilizing the trap-
loss spectroscopy technique. The values of vibrational pro-
gression v were also assigned from 94 to 220 in Picher et al.’s
paper. In the present experiment, we adopt their data to deter-
mine the vibrational number v in analysis of our data. In order
to avoid the disturbances coming from the neighboring levels
belonging to the long-range 1g and 0−g states, we concentrate
on the transition in the v = 169 vibrational state of the long-
range 0+u state, induced from free atoms by a PA laser with an
absolute frequency of about 11166.445 cm−1.
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Fig. 2. (color online) Photoassociation below 6S1/2 + 6P1/2 for the 1g,
0−g , and 0+u states, with the insets exhibiting the v = 163 and v = 169
rovibrational structures of the 0+u state.

In order to investigate how and at which intensity the PA
rate is saturated, we measure the dependences of PA proba-
bility on laser intensity for different rotational progressions
in the v = 169 vibrational state of the 0+u state below the
6S1/2 + 6P1/2 limit. This particular state has a strong PA prob-
ability at this position and hence is a good option for our
further PA measurements. In Fig. 3, the values of the high-
resolution trap-loss probability for four different laser inten-

sities and a scanning speed of 5 MHz/s are shown. The fig-
ure clearly shows the rotational structure that is resolved up
to J = 6 with a high signal-to-noise ratio, and that the peak
position remains unchanged. We only show the dependences
of PA probability on PA laser intensity for the J = 1∼ 6 rota-
tional levels. Here, J = 0 is not considered because its signal
amplitude is negligible compared to J = 1∼ 6. In quantitative
analysis of the data, a Lorentzian curve is fitted to the rate of
each laser intensity, as indicated by the dashed solid line in
Fig. 3.
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Fig. 3. (color online) The ultrahigh-resolution PA spectra of the v =
169 vibrational state for the 0+u long-range state with intensities of
135 W/cm2, 105 W/cm2, 50 W/cm2, and 13 W/cm2, as shown sequen-
tially from top to bottom. The scanning speed is 5 MHz/s, and in the
figure J = 0 is inconspicuous. The dashed lines represent Lorentzian
fittings to the resonances.

In Fig. 4, the symbols denote the experimental data, while
the lines represent the fitting to the saturation model of Bohn
and Julienne.[18,22] From the figure, we can easily observe that
the PA probability increases with increasing PA intensity, ow-
ing to the fact that the photoassociation slows down at large
PA intensities. When the PA intensity rises up to 110 W/cm2,
the saturation effect is clearly observable. All the rotational
progressions can be fitted by formula (6) within experimental
accuracies. We only present the results for J = 3, 4, 5, 6, in the
figure, respectively. The difference between saturation inten-
sities can clearly be seen for different rotational progressions
from the inset of Fig. 4. The error bars indicate the uncer-
tainties for identifying the saturation intensity positions. The
saturation intensity of the laser varies between 105 W/cm2 and
nearly 160 W/cm2, and there is a maximum difference value of
about 50 W/cm2 between the rotational progressions. The dif-
ference in saturation intensity between different levels streams
from the difference in the transition probability in photoassoci-
ation from atoms to molecules between different rovibrational
levels. The reason for this is mainly that the Franck–Condon
factors of different levels are different. The difference between
saturation intensities is not negligible in studying the regime of
the excitation of ultracold Cs atoms in the PA process of the
0+u state. The occurrence of the difference between saturation
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intensities is due to the intrinsic property of the rovibrational
transition of molecules.
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Fig. 4. (color online) Plots of the amplitude of resonant lines for the
J = 3,4,5,6 rotational levels versus PA laser intensity, with the curves
representing the fittings to the saturation model given by Bohn. The
inset shows the obtained saturation intensity versus rotational progres-
sion.

The line widths of the PA probability[23] curves fitted
from Eq. (7) are shown in Fig. 5. Considering possible su-
perposition, we only represent the linear fittings of J = 1, 3,
and 4. From Fig. 5, a linear dependence of the line width
on laser intensity is observed in the whole range of the laser
intensity. This can be explained by the model of Bohn and
Julienne since the PA rate is still below the unitarity limit. The
inset of Fig. 5 shows the slopes of the relevant lines. These
line widths[24] will reveal more information about collisional
dynamics at ultracold temperatures. Without doubt, these in-
tensity studies reveal additional interesting physics from the
PA experiments.[25]
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Fig. 5. (color online) The dependences of line width on PA laser in-
tensity for J = 1, 3, and 4 of the Cs2 0+u long-range state. The symbols
represent experimental data, while the lines denote the fittings to Eq. (7)
as described in the text. The inset shows the slopes of the fitted lines.

The measurements of the intensity dependence of the PA
rate of the 0+u long-range molecular state (6S1/2 + 6P1/2) for

different rotational levels have not yet been provided by pre-
vious reports. The hyperfine rovibrational structure with high-
resolution is needed by use of the trap-loss technique in our ex-
periment. The observed high-resolution trap-loss spectrum[21]

makes the investigation of the dependences of PA on laser
intensity for different rotational progressions possible in our
experiment.[18]

5. Conclusions
We obtained the high-resolution trap-loss spectrum by

monitoring the fluorescence of trapped cesium atoms as a
function of PA laser frequency. The rotational structures of
v = 169 of the 0+u state (6S1/2 + 6P1/2) are obtained for dif-
ferent laser intensities. In order to study the intensity depen-
dence of the hyperfine resolved spectrum, we quantitatively
investigate and observe the dependence of the photoassocia-
tion rate on the PA laser intensity of cesium molecules in the
0+u state below the 6S1/2 + 6P1/2 limit, and determine the cor-
responding saturation intensity. Moreover, we analyze the line
widths of the resonant lines for different rotational progres-
sions. Both the amplitude and width increases are quantita-
tively in good consistence with the theoretical model of Bohn
and Julienne using the saturation intensity as the only param-
eter of the model. This work also reveals some interesting
features that occur at saturation, and improves the resolution
of previous photoassociation experiments. A complete study
of the saturation of PA related to the rotational levels is re-
quired to understand the PA regime of cesium atoms and to
perform the stimulated Raman PA in the well-defined rovibra-
tional levels. To date, this work has not been performed on the
saturation effects of the 0+u state below the 6S1/2 + 6P1/2 limit,
so this study paves the way to investigate these relatively un-
explored areas.
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