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Rovibrational Cooling of Molecules by Optical Pumping
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We demonstrate rotational and vibrational cooling of cesium dimers by optical pumping techniques. We
use two laser sources exciting all the populated rovibrational states, except a target state that thus behaves
like a dark state where molecules pile up thanks to absorption-spontaneous emission cycles. We are able to
accumulate photoassociated cold Cs, molecules in their absolute ground state (v = 0, J = 0) with up to
40% efficiency. Given its simplicity, the method could be extended to other molecules and molecular
beams. It also opens up general perspectives in laser cooling the external degrees of freedom of molecules.
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It is commonly admitted that optical manipulation of
molecules comes up against strong limitations. The difficulty
originates from the large number of internal states accessible
by spontaneous emission events [1]. However, a few recent
experiments succeeded in implementing molecular optical
pumping: for example, the vibrational cooling of Cs, [2], the
optical cooling of SrF [3], or the rotational cooling of mo-
lecular ions [4]. These methods, like the one we present in
this Letter, are fundamentally different from coherent optical
manipulations, such as stimulated Raman adiabatic passage,
that affect the population of a single quantum state [5,6].

Optical cooling of both the vibration and the rotation of
Cs, molecules is complicated, because these 2 degrees of
freedom cannot be manipulated independently. The pump-
ing of one of them tends to impair the other one; i.e., the
vibrational pumping is likely to modify the rotational quan-
tum number, just as the rotational pumping is likely to
modify the vibrational quantum number. As a consequence,
a global rovibrational cooling can be achieved only through
an interplay between both processes. Our vibrational pump-
ing, already demonstrated in Refs. [2,7-10], makes use of a
broadband laser whose spectrum has been specifically
shaped to excite all the vibrational levels but one where
molecules accumulate. The frequency resolution is limited
to ~0.1 cm™!. For rovibrational pumping, a requirement is
the control of the light spectrum with a resolution on the
order of magnitude of the rotational constants [7,11]. As
the Cs, molecules have a rotational constant of about
0.01 cm™!, which is exceptionally small compared with
the great majority of diatomic molecules, we have de-
signed a method improving the spectral resolution of mo-
lecular optical pumping with respect to the grating
technique. It consists in scanning a narrow-band laser
diode in appropriate regions of the rotational spectrum,
which allows one to modify the population distribution
among the rotational levels characterized by their J quan-
tum numbers.
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Our experimental setup is based on a cesium magneto-
optical trap. All the manipulations achieved on this source
last a total of 100 ms. During the first 20 ms, a cw Ti:Sa laser
is focused on the magneto-optical trap to form molecules
in the electronic ground state by photoassociation (PA). The
PA scheme, detailed in Ref. [12], consists in exciting a
0, (6s + 6py2)(v' = 26, J') rovibrational level, where v’
is the vibrational quantum number counted from the disso-
ciation limit and J' the rotational quantum number. The
rotational and vibrational cooling lasers are switched on at
the same time as the PA laser but are, respectively, applied for
25 and 28 ms. The vibrational populations are then probed by
converting molecules into ions via a resonant enhanced two-
photon ionization scheme (RE2PI). For this purpose, a pulsed
dye laser is turned on 1 ms after switching off the vibrational
cooling laser. It allows us to scan the vibrational transitions
between the X '3} state and the C 'TI, or D '3} intermedi-
ate states [12]. Cs; ions are finally detected by microchannel
plates. To access the rotational distributions, we insert a
50 ws pulse of a narrow-band laser 0.5 ms before the appli-
cation of the ionizing pulsed laser.

Vibrational cooling is performed according to Ref. [2],
i.e., with a femtosecond laser (200 mW final power, 120 fs
pulse duration, 1 mm? beam size) tuned to rovibrational
transitions between the ground state and the B ' I, excited
state as shown in Fig. 1. This allows us to accumulate
molecules in v = 0. It is conceivable to extend the shaping
technique of the femtosecond laser to rotational cooling
provided that the molecular species under study has larger
rotational constants [7,13] than the laser shaping resolu-
tion. We stress the fact that this requirement is not fulfilled
in the case of Cs,.

To manipulate the rotational populations of Cs,, we
employ a cw distributed-feedback (DFB) diode laser
(~2MHz linewidth, ~6 mW power, 3.5 mm? beam size)
scanned across the B'I1 (vy = 3,Jp) — X '3} (v =10,J)
transitions though the diode current (see the right part of
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FIG. 1 (color online). Transitions used to cool and detect the
vibration and rotation of Cs, molecules. The (red) filled and
(orange) hatched rectangles cover the vibrational levels affected
by the broadband laser and the rotational levels excited by the
two swept narrow-band lasers used for rotational cooling and
detection. The upper and lower numbers on the right-hand side
are J' and J values, respectively. The (blue) straight arrow
represents the RE2PI laser ionizing molecules through the C
or D states (not shown). The wavy arrows indicate the sponta-
neous emission processes.

Fig. 1). The choice of these transitions originates from the
wavelength accessibility of the diode laser. We can explore
the P, Q, or R rotational branches, schematically shown in
Fig. 3, and thus change the J value as proposed in Ref. [14].
The trend in the evolution of J is governed by the branch
selected at the excitation.

The rotational spectroscopy of the population in v = 0
cannot be achieved with the pulsed dye laser alone. Its
resolution (0.1 cm™') is not good enough to probe the
rotational levels. Therefore, we use an additional narrow-
band cw DFB laser scanning the B'II,(vy = 3,Jp) —
X lzg(v = 0, J) transitions. After excitation and sponta-
neous emission, the rovibrational populations in v = 0 are
transferred to several vibrational levels and mostly to those
having a good Franck-Condon (FC) factor with the vibra-
tional excited level [15]. For our experiment, the FC factor
between v = 7 and vy = 3 is the largest available one
(~ 0.15). The v = 7 population is probed by the pulsed
dye laser through the 9 < 7 vibrational transition shown in
Fig. 2. Examples of rotational spectra obtained by scanning
by the DFB laser diode frequency are given in Fig. 3 and 4.
In these figures, there is a systematic, irrelevant offset of
~7 ions due to a measurement bias, and the real number of
molecules in a specific rotational level is found by dividing
the number of detected ions by the FC factor between
vg = 3 and v = 7 and the microchannel plate efficiency
(~ 30%).

In a first experiment, we perform a simple PA on
0, (6s + 6pyp)(v' =26,J'). We then find vibrational
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FIG. 2 (color online). Three vibrational spectra obtained by
photoionization (RE2PT). (a) When only PA 0, (6s + 6p;/5) X
(v' = 26,J" = 2) is applied, the spectrum reveals that molecules
are mainly stabilized in the X state [12]. (b) The application of
the vibrational cooling provokes the emergence of a few intense
lines, while the intensity of the other lines is reduced. This
proves the accumulation of molecules in v = 0. (c) Rotational
and vibrational cooling to (v =0, J = 1) leads to a spectrum
similar to (b), but some vibrational levels v # 0 are more
populated than in (b). The number pairs above indicate the
wave number of some v, — v transitions. The wave number
of the 9-7 transition, indicated by an arrow, is used for rotational
spectroscopy.

spectra that hardly depend on the J’ value and look like
the one shown in Fig. 2(a). In accordance with the experi-
mental and theoretical study related in Ref. [12], we find a
distribution spread over more than 60 vibrational levels of
the ground state. At this stage, as very few molecules are
produced in v = 0, we are unable to record any valuable
rotational spectrum.

Next, by adding the femtosecond laser, we obtain the
typical vibrational spectrum displayed in Fig. 2(b), where
we see that a substantial fraction (~ 25%) of molecules
pumped into v = 0 [12]. The large population in v =0
enables us to study its rotational distribution. We find that
rotational spectra depend on the J' value: For J' = 1, we
find the upper spectrum shown in Fig. 3, and for J' = 2, the
upper spectrum shown in Fig. 4(a). In both cases, the rota-
tional distributions are spread over less than four values of
J, which indicates that vibrational optical pumping slightly
broadens the rotational distribution [16]. We see that when
PA is tuned on the J' = 1 (2) rotational level, only even
(odd) J values are populated. This is due to the parity
conversion occurring at any stage of the all procedure.

The key result of this Letter is obtained when rovibra-
tional pumping is achieved. The corresponding vibrational
spectrum in Fig. 2(c) still shows an accumulation in v = 0.
However, with respect to the spectrum in Fig. 2(b), we find
more molecules in v # 0. This is caused by the fact that
the DFB laser has a slightly larger interaction zone than the
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FIG. 3 (color online). Upper panel: Fortrat diagram showing
the transition wave numbers from the (v =0, 0 = J = 9) rota-
tional levels of the X state. The P, Q, and R branches, respec-
tively, correspond to the Jz —J = —1, 0, and 1 allowed
transitions. The parity of the J state is also indicated on the
right-hand side. The spectrum covered by the rotational cooling
laser is shown by the hatched area. Lower panel: Comparison of
rotational spectra obtained with vibrational pumping (upper
black dotted line) and rovibrational pumping (lower red solid
line). The narrow-band laser used for rotational cooling is swept
over the P(6), P(4), and P(2) transitions with repetitive 100 s
frequency ramps. The rotational cooling efficiency is ~40%.

femtosecond laser: Some molecules, pumped out of v = 0
by the DFB laser, remain in v # 0. The lower panel in
Fig. 3 compares two rotational spectra obtained by rovibra-
tional cooling and vibrational cooling in the case of a PA
onJ' = 1. It undeniably indicates that the population of the
absolute rotational ground state (v =0, J = 0) has in-
creased. The cooling results from an accumulation of
absorption-spontaneous emission cycles using J lowering
absorption transitions, i.e., a laser spectrum covering
mainly the P branch transitions: B 'II,(vg = 3,J — 1) —
Xlié +(v=0,2=<J=6). Because of the transition
rules regarding the parity and the rotational quantum num-
ber, a single absorption-spontaneous emission cycle leads
to either recovery of the same J value or a decrease in it by
two units. The frequency sweep, a sawtooth shape going
from P(6) to P(2), may facilitate the cooling: If a molecule
is excited from a given J and immediately decays to J — 2,
it can be excited again by the same ramp. A few cycles are
thus sufficient to transfer all the initial populations to J = 0.
Our procedure also affects the polarization of the molecu-
lar sample, since it reduces the number of the 2J + 1
projections of the total angular momentum J on a given
quantization axis. Indeed, the sample of unpolarized
molecules is eventually transferred into a single well
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FIG. 4 (color online). Rotational spectra demonstrating the
rovibrational pumping toward J =1 (a) and J =4 (b) when
the narrow-band laser is swept in the frequency range indicated
by the hatched areas. For comparison, the spectra resulting from
vibrational pumping (dotted line) are displayed above the spectra
resulting from rovibrational pumping (solid line).

defined (v =0, J =0, M; = 0) state. This polarization
is not straightforward because of the possible existence of
dark states. That is why the two lasers used for vibrational
and rotational cooling have different propagation axis and
polarization states.

To illustrate the capabilities of the method, we also
pump molecules toward other rotational levels. For in-
stance, when PA is performed on J' = 2, we obtain the
results summarized in Fig. 4(a): The accumulation occurs
in the lowest odd-parity rotational level, i.e., (v =0, J = 1).
Finally, Fig. 4(b) shows the case where populations are
optically pumped to a higher J value, here J =4, by
scanning the R branch.

The efficiency of these rotational pumping processes is
defined as the number of molecules transferred into the
intended rotational level divided by the number of mole-
cules initially present in the other rotational levels when
only vibrational pumping is applied. The results change a
bit according to the type of pumping: respectively, ~40%,
~30%, and ~25% toward J = 0, J = 1,and J = 4. In all
the cases, a proportion of ~30% remain in the other rota-
tional levels. The residual part is lost in the v # 0 levels as
revealed by the comparison of Figs. 2(b) and 2(c). The
weak number of photons involved in the process neces-
sarily implies a negligible increase of temperature of
~1 uK at most.
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FIG. 5 (color online). Increase of the number of molecules in
J = 1 with its typical error bar versus the period of the frequency
ramp applied on the narrow-band laser used for rotational
pumping. Because molecules escape from the interaction zone
of the vibrational pumping laser, the transfer of molecules in
J=1 decreases for a period longer than 100 ws.

To fully understand the mechanisms and limitations
of our cooling method, we now detail the action of the
pumping lasers. First, it is important to note that the vibra-
tional cooling causes a little modification of J. For low J
values, typically only 1/5 of the population ends up in an
increased J value after a single absorption-spontaneous
emission cycle induced by the vibrational pumping laser.
As the complete vibrational pumping to v = 0 requires
less than 5 such cycles [2], about 50% of the molecules
undergo an increase of J. We roughly estimate that it takes
about 100 us to bring back molecules to v = 0 from any v
when the saturation intensity of a typical rovibrational
transition is ~100 mW /cm? (considering typical FC fac-
tors of 0.1 and a Honl-London factor of 1/4) and the
vibrational cooling bandwidth is ~100 cm™~!. The mini-
mum scan period ensuring a rotational pumping with a
single ramp probability of 100% is also about 100 us, a
time that is estimated through the maximum scan velocity
roughly given by I'>\/I/I,, where I' = 15 X 10° s~ ! is
the linewidth, 7 is the laser intensity, and I, is the satura-
tion intensity of some rovibrational transition. These con-
siderations allow us to interpret the results in Fig. 5, where
the relative transfer of molecules in J = 1 is plotted versus
the scan period. In principle, below 100 ws, a single ramp
does not allow a complete rotational pumping, but several
ramps can be accumulated, which gives a pumping effi-
ciency equivalent to that obtained with a 100 us scan
period. On the contrary, once the scan period exceeds a
few 100 ws, the cooling efficiency decreases. This is ex-
plained by the molecular diffusion out of the laser interac-
tion zone: Thus, the scan period limits the effective number
of optical transitions.

We have demonstrated that rovibrational pumping of
molecules can be achieved by using different and comple-
mentary laser sources. Combined with the possibility of
transferring populations from a given electronic state to
another one [10], we believe that such a method can be a
very efficient tool to manipulate the rovibronic population

of ultracold molecular samples or molecular beams.
Besides, the efficiency of the rovibrational pumping should
be easily enhanced by an optimized frequency shaping [11]
or with a DFB laser tuned on the (vp =0+«—v=0) tran-
sitions rather than the (vp=3«—v=0) ones. Also, by
using a more powerful femtosecond source, it becomes
conceivable to realize an optical pumping of the external
degrees of freedom based on a closed system made up
of several states. In other words, the method can be a
decisive help for (standard or Sisyphus) laser cooling of
molecules [3,17-19].
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