
Rotational Cooling of Trapped Polyatomic Molecules

Rosa Glöckner, Alexander Prehn, Barbara G. U. Englert, Gerhard Rempe, and Martin Zeppenfeld*

Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Straße 1, D-85748 Garching, Germany
(Received 18 February 2015; published 3 December 2015)

Controlling the internal degrees of freedom is a key challenge for applications of cold and ultracold
molecules. Here, we demonstrate rotational-state cooling of trapped methyl fluoride molecules (CH3F) by
optically pumping the population of 16 M sublevels in the rotational states J ¼ 3, 4, 5 and 6 into a single
level. By combining rotational-state cooling with motional cooling, we increase the relative number of
molecules in the state J ¼ 4, K ¼ 3, M ¼ 4 from a few percent to over 70%, thereby generating a
translationally cold (≈30 mK) and nearly pure state ensemble of about 106 molecules. Our scheme is
extendable to larger sets of initial states, other final states, and a variety of molecule species, thus paving the
way for internal-state control of ever-larger molecules.
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Motivated by a multitude of applications ranging from
quantum chemistry to many-body physics [1–4], recent
years have witnessed an immense effort to generate cold
and ultracold ensembles of polar molecules [5–10]. Much
of this attention has focused on diatomic molecules, despite
unique possibilities for polyatomic molecules [11–14]. The
latter possess additional rotational and vibrational degrees
of freedom that could be used for various applications.
For example, symmetric-top molecules have been sug-
gested to be ideally suited to simulate quantum magnetism
[11,12], and precision tests of physics based on chirality
require molecules with at least four atoms [13]. In addition,
single large molecules have been suggested for the reali-
zation of an entire quantum computer, using different
vibrational modes to encode individual qubits [14], and
the high vapor pressure for many polyatomic molecule
species, even at room temperature, allows the efficient
generation of high-density initial ensembles [15].
A key challenge for obtaining cold and ultracold

molecular ensembles has been gaining and maintaining
control of the internal molecular state. While this is true for
molecules in general, it is particularly problematic for
larger, polyatomic molecules. Thus, even for the relatively
light molecule CH3F discussed here, several thousand
rotational states are populated at room temperature. For
larger molecules, a huge number of states are populated
even at liquid-helium temperatures. Gaining quantum-state
control of such molecules requires some form of internal-
state cooling. While internal-state cooling has been dem-
onstrated for bialkali dimers [16–18] as well as for a
number of diatomic molecular ions [19–23], its implemen-
tation for polyatomic molecules is lacking.
In this Letter, we demonstrate comprehensive internal-

state control of the polyatomic molecule methyl fluoride
(CH3F). In a two-step process, molecules in 16 rotational
M sublevels in the lowest four rotational J states in the
jKj ¼ 3 manifold are optically pumped into a single

rotational M sublevel (J, K, and M being the usual
symmetric-top rotational quantum numbers). As a first
step, we demonstrate rotational-state cooling (RSC) by
optically pumping molecules in the states J ¼ 5 and J ¼ 6
into the state J ¼ 4, with minimal control of the M
sublevel. Molecules in the states J ¼ 3 and J ¼ 4 can
then be motionally cooled via optoelectrical Sisyphus
cooling [6,24], which can be integrated seamlessly with
our RSC. This also eliminates all molecules in uncooled
states from our trap. As a second step, an M-sublevel-
dependent optical pumping transfers the molecules into the
single state J ¼ 4, K ¼ 3, M ¼ 4.
Our RSC scheme is based on optical pumping via

excitation of a vibrational mode using a scheme related
to those demonstrated for diatomic molecular ions [19,20].
The underlying idea of our scheme is shown in Fig. 1.
Driving a ΔJ ¼ 0 vibrational transition from a given
rotational state J results in spontaneous decay to the states
J � 1. By coupling the states J and J þ 1with microwaves,
the entire population in the states J and J � 1 accumulates
in the dark state J − 1. This scheme can easily be extended
to incorporate larger sets of initial states by, e.g., applying
the same couplings to subsequent pairs of rotational states,
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FIG. 1 (color online). Simplified scheme for RSC. Optical
pumping via a vibrational excited state with infrared (IR) and
microwave (MW) radiation is used to accumulate population in a
lower rotational state.
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as sketched in Fig. 1. Alternatively, a single vibrational
transition might be used if all states J0 ≥ J are coupled with
microwave radiation. In principle, the dark state of such a
scheme can be freely chosen by picking a suitable micro-
wave coupling.
State manipulation takes place in our homogeneous-field

electric trap (volume ≈ 2 cm3) [25,26]. The narrow electric-
field distribution of the trap [27] is essential for RSC, as this
allows us to spectrally resolve all relevant transitions, with
minimal Stark broadening. In addition, the long trap lifetime
of up to 30 s [6] is crucial for the implementation of an
optical pumping scheme based on spontaneous decays of
vibrational excitations with typical decay times of more than
10 ms. Despite its slow decay rate, the use of a vibrational
mode is favorable compared to electronic transitions due to
strict selection rules. Moreover, electronic excitation for
many polyatomic molecules leads to rapid fragmentation.
The trap is integrated in the experimental setup as shown

in Fig. 2(a). An experiment starts with loading molecules
from a velocity-filtered thermal source (T ≈ 110 K) via an
electric quadrupole guide [15]. Subsequently, the ensemble
is stored in the trap for manipulation. Light from an optical
parametric oscillator at 3.4 μm is used to drive the parallel
v1 C-H stretch vibrational transition. Rotational levels are
coupled by microwave radiation at 200 and 300 GHz
generated by amplifier-multiplier chains [6]. Finally, mol-
ecules are guided to a quadrupole mass spectrometer for

detection. The experimental sequences differ in the time for
trap loading tl, storage ts, and unloading tu, which we detail
as tseq ¼ ðtl; ts; tuÞ together with the data.
The rotational-state distribution of the molecules loaded

into our trap spreads over tens of rotational states [27]. We
label these states by the vibrational quantum number v and
symmetric-top rotational quantum numbers J, K, andM as
jv; J;∓K;�Mi with ∓K chosen positive. The lowest
rotational states of the jKj ¼ 3 manifold have the highest
population of about 17% in J ¼ 3, 4 and 9% in J ¼ 5, 6
[27], with about a million molecules in each of these states
[6]. We therefore have chosen these states to demonstrate
RSC.
The population within a given set of rotational states is

detected by state-selective removal of these molecules from
the trap with MWand IR radiation at the end of the storage
period as described in the Supplemental Material [28] and
in Ref. [27]. Our present radiation sources allow for the
detection of particular sets of rotational states, for example
J ¼ 3, 4 and J ¼ 3, 4, 5, 6 with jKj ¼ 3 or the single
rotational M sublevels j0; 4; 3; 4i and j0; 3; 3; 3i.
The level scheme for the rotational states used in this

Letter is shown in Fig. 2(b). For the purpose of RSC and
detection, it is required to drive the ΔJ ¼ 0 vibrational
transitions shown simultaneously. We realized a quasisi-
multaneous driving with a single laser source by suitably
changing the frequency every 20 ms. This is possible due to
the use of ΔJ ¼ 0 excitations with (in general) close-lying
transition frequencies.
To implement the RSC scheme shown in Fig. 1 we have

chosen to transfer population from the rotational states
J ¼ 5, 6 to J ¼ 4. A ΔM ¼ 0 vibrational transition from
the J ¼ 5 state is driven together with the j0; 5; 3;Mi ↔
j0; 6; 3;M þ 1i (M > 0) rotational transitions. Since the
optical pumping scheme employs a ΔJ ¼ 0 vibrational
transition, the Stark splittings of the ground and excited
state are almost identical. Consequently, we can address all
M sublevels simultaneously with one laser frequency. The
selection rules for electric dipole transitions ΔJ, ΔM ¼ 0,
�1, and ΔK ¼ 0 and the choice of infrared and microwave
couplings ensure that most molecules stay trapped while
they are pumped from j0; 5; 3;Mi and j0; 6; 3;Mi to
j0; 4; 3;M0i. These favorable selection rules and branching
ratios are generic properties of symmetric-top molecules.
For proof of RSC, we present two measurements. First,

RSC is applied for a varying amount of time. Figure 3(a)
shows the resulting clear increase of population in J ¼ 3, 4
together with a decrease of population in J ¼ 5, 6 to almost
zero. The signal for all four examined states J ¼ 3, 4, 5, 6
shows a slight increase of molecule number for long
pumping times, although a simple rate model suggests a
loss of about 10% of the molecules to untrapped states
during RSC. The observed effect can be explained by
different trap lifetimes for different states arising from an
increase of the mean Stark shift in the course of optical

quadrupole 
mass
spectrometer

effusive source 
(N2-cooled, 
T=110K)

electric trap 
IR laser

@ 3.4 µm

quadrupole
guide

microwave
horn antenna

(a)

J=3 J=4 J=5 J=6

|K | =3

J=3
306.334GHz204.242GHz

0.
29

0.36

0.
30

0.41

0.
19

0.25

0.
450.

75

8
8

9
2

8
.7

4
0

 G
H

z

M=3
M=2
M=1
M=0
M=-1
M=-2
M=-3

188 MHz

8
8

9
2

2
.3

1
3

 G
H

z

8
8

9
1

6
.7

1
4

 G
H

zv=1

v=0

(b)

IR laser

micr
horn 

FIG. 2 (color online). Experimental setup and level scheme.
(a) Experimental setup as described in the main text. (b) Level
scheme of CH3F for the four lowest rotational states of the jKj ¼
3 manifold. Transition frequencies are given for zero electric
field. As indicated by the zoom, the rotational states split in an
electric field according to the linear Stark effect. Only the low-
field-seeking states (positive M values) are trapped with our dc
electric trap. The splitting in the homogeneous-field region of our
trap (815 V=cm) is 188, 113, 75, and 54 MHz for J ¼ 3, J ¼ 4,
J ¼ 5, and J ¼ 6, respectively. Additional figures of the optical
pumping schemes described in the main text are provided in [28].
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pumping [28]. Figure 3(a) also gives the time scale of RSC,
which matches nicely with the rate model in the
Supplemental Material [28]. The relatively long time scale
is due to the slow spontaneous decay rate from the excited
vibrational state of approximately 15 Hz, combined with a
probability of at most 1=3 for a molecule to be in the
excited vibrational state and a branching ratio of 0.29 for
a decay from the vibrational excited state to the states
j0; 4; 3;Mi.
While Fig. 3(a) shows an increase of molecules in the

states J ¼ 3, 4 closely tracking the decrease of molecules in
J ¼ 5, 6, it does not prove conclusively that the increased
signal in J ¼ 3, 4 originates from molecules initially in the
states J ¼ 5, 6. We therefore explore the effect of
the microwaves coupling the states J ¼ 5 and J ¼ 6 on
the RSC. Simply leaving these microwaves off leads to
significantly less population in the states with J ¼ 3, 4 for
4 s of cooling, as shown by the cross in Fig. 3(a). Since the
microwaves only affect molecules in the states J ¼ 5

and J ¼ 6, the increase of population in J ¼ 3, 4 over
time clearly originates from molecules in the states J ¼ 5,
6. Note that the increase of molecules in J ¼ 3, 4 without
microwaves compared to no cooling is consistent with
the number of molecules expected to be transferred from
J ¼ 5 to J ¼ 4 by the vibrational transition alone.
In a second measurement, we examine the effect of the

microwave radiation coupling J ¼ 5 and J ¼ 6 on the
population of molecules transferred to J ¼ 3, 4 more
closely, and we identify the contribution of individual M
sublevels in J ¼ 6. We therefore rotationally cool for 2 s
with only one microwave frequency applied, and we
monitor the signal in J ¼ 3, 4 while scanning this fre-
quency. The measured spectrum is shown in Fig. 3(b). The
Stark-shifted transitions coupling the three highest M
sublevels can be clearly identified, proving a transfer of
molecules from j0; 6; 3;M ¼ 4; 5; 6i to j0; 4; 3;M0 > 0i.
Lower-lying M substates yield smaller or negligible peaks
because these are less populated initially, and the chance of
losing the corresponding molecules to untrapped states
during the pumping process is higher.
A key advantage of our RSC scheme is that it can be

integrated straightforwardly with motional Sisyphus cool-
ing and, thus, enables the simultaneous cooling of the
internal and external degrees of freedom. Sisyphus cooling
is expected to provide temperatures below 1 mK for many
molecule species, and was first demonstrated with the same
experimental apparatus in 2012 [6]. In that work CH3F
molecules populating the states J ¼ 3; 4; jKj ¼ 3 were
motionally cooled from T ≈ 0.4 K to ≈30 mK. As the
main difference to RSC, kinetic energy is extracted by
driving radio frequency transitions (3 to 0.4 GHz) from a
highestM substate to a lowerM in edge regions of the trap
with high electric field. Molecules are optically pumped
back to the initial, strongly trapped states by driving the
ΔJ ¼ 0, ΔM ¼ þ1 vibrational transitions from J ¼ 3 in
the homogeneous-electric-field region (with lower electric
fields). Because of the spontaneous decay to J ¼ 4 we
additionally couple the j0; 3; 3;Mi ↔ j0; 4; 3;M þ 1i
(M > 0) rotational states with MW radiation to obtain a
closed level scheme. In this way, a large fraction of a
molecule’s kinetic energy can be extracted in each cooling
cycle and several repetitions are possible with minimal
losses to untrapped states.
We demonstrate the concurrent motional and rotational

cooling by adding the RSC to the Sisyphus cooling
sequence. The addition of RSC results in an equally cold,
but larger ensemble of molecules. By applying RSC only
during trap loading and the subsequent second, almost all
molecules entering the trap in the states J ¼ 5, 6 are
pumped to J ¼ 4. As expected from the initial rotational-
state distribution, this increases the signal of cold molecules
by 49(4)%. By continuing the optical pumping during the
entire motional-cooling sequence we increase the signal by
76(4)%. This closes two loss channels of the Sisyphus

(a)

(b)

FIG. 3 (color online). Results for RSC. We plot the rotational-
state-discriminated unloading signal detected with the quadru-
pole mass spectrometer. (a) A time-dependent measurement of
RSC. The single black cross was measured while leaving the
microwaves off (see main text). (b) Contribution of single M
sublevels to RSC. Only a single MW frequency is applied and
scanned across all relevant transitions coupling J ¼ 5, 6 (dashed
vertical lines show the calculated transition frequencies). To
increase the resolution of the individual transitions, a higher
electric-field strength was used. This results in a larger separation
of the M substates and, thus, a larger splitting of the transition
frequencies. Vertical bars denote the 1σ statistical error.
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scheme specific to CH3F which transfer population to the
J ¼ 5; jKj ¼ 3 state. These loss channels are the presence
of a Fermi resonance in the vibrationally excited state [6]
and an excitation of a distinct vibrational mode by black-
body radiation (estimated excitation rate 0.08 Hz) [26].
The RSC demonstrated thus far leaves molecules in a

number ofM sublevels in the states J ¼ 3, 4, or, combined
with Sisyphus cooling, in the two states j0; 3; 3; 3i and
j0; 4; 3; 4i [6]. As a final experiment, we now show the
preparation of the cooled molecular sample in the single
rotational M substate j0; 4; 3; 4i. This can be achieved by
appending another optical pumping scheme to the exper-
imental sequence for combined rotational and motional
cooling. Specifically, we drive the vibrational transitions
ΔM ¼ 0 from J ¼ 3 and ΔM ¼ þ1 from J ¼ 4 together
with the RSC described above (J ¼ 5, 6 → J ¼ 4). This
leads to j0; 4; 3; 4i being the only dark state in the manifold
J ¼ 3, 4, 5, 6, jKj ¼ 3. To characterize this single-state
preparation (SSP) process, we first evenly distribute the
population of the cooled molecular ensemble among the
states j0; 3; 3; 3i and j0; 4; 3; 4i by coupling the two with
MW. The molecules in j0; 4; 3; 4i are then measured with or
without 2 s of SSP applied. We find that SSP increases the
absolute number of molecules populating the state
j0; 4; 3; 4i by 70(3)%, with this number also yielding the
optical-pumping efficiency. A slight modification of the
scheme also allows pumping from j0; 4; 3; 4i to j0; 3; 3; 3i,
specifically by driving a ΔM ¼ þ1 transition from J ¼ 3

and a ΔM ¼ 0 transition from J ¼ 4. This yields a transfer
efficiency of 50(5)%, where the reduced value is a
consequence of less-favorable branching ratios. The pre-
sented experiments show that we can significantly increase
the population in a highestM sublevel of choice. We estimate
[6] that, finally, about 106 cooled molecules populate the
target state.
All previous measurements examined optical pumping in

the context of increasing the absolute number of molecules
in a particular state or set of states. In the final part of this
Letter we study the state purity of the molecular ensemble.
The measured relative populations of j0; 4; 3; 4i (normal-
ized to the total trap signal) resulting from different
preparation procedures are presented and explained in
Fig. 4. The rotational-state purity of the trapped sample
of molecules is primarily enhanced by two processes
during the course of the shown experiments: apart from
optical pumping, which is specifically applied for this
reason, filtering occurs as a side effect of motional Sisyphus
cooling. During motional cooling, molecules initially
populating states outside the closed cycling scheme con-
sisting of j0; 3; 3;Mi, j0; 4; 3;Mi, and j1; 3; 3;Mi are
coupled to untrapped states with a slow rate [6].
Consequently, translational cooling alone leads to a sig-
nificant increase of purity, since afterwards almost all
molecules populate the states j0; 3; 3; 3i and j0; 4; 3; 4i.
However, deliberate optical pumping to the target state

j0; 4; 3; 4i (SSP) yields the greatest effect on state purity, as
can be expected from the previous discussions. The relative
occupation is boosted a bit further by removing all
molecules still populating states other than the dark state
of the SSP scheme (so-called cleaning).
In total, we augment the population of a single M

sublevel from initially ∼6% to at least 70%, while the
molecular ensemble is motionally cooled by more than an
order of magnitude. In fact, we even expect ∼90% of the
molecules to populate this particular rotational state, as our
detection method underestimates the real occupation by
roughly 20% [27]. The achieved purity is mainly limited by
the above-discussed blackbody radiation, which removes
molecules from the target state during application of SSP
and cleaning with a rate of 0.08 Hz. This limitation is of a
technical nature and can be eliminated by cooling down the
electric trap or choosing a molecule species that does not
suffer from significant blackbody-radiation losses.
By applying the extremely useful technique of optical

pumping to trapped, neutral, polyatomic molecules we
demonstrate unprecedented control of this system. Starting
from many initial states and pumping into a single final
state, we produce a pure ensemble of cooled molecules
making use of only a single laser and microwave radiation.
The final rotational state can, in principle, be chosen freely.
Our scheme is based on generic properties common to
many molecule species and should, therefore, be applicable
to a whole class of trappable molecules. Thus, as a next
step, we plan on internally cooling heavier molecules that
populate numerous internal states even at cryogenic tem-
peratures. This extends the number of species accessible to

FIG. 4 (color online). Relative population of all trapped
molecules in the j0; 4; 3; 4i state for the following experimental
sequences: Reference: no state manipulation ðts ¼ 3sÞ; RSC:
rotational cooling as presented in Fig. 3 ðts ¼ 6 sÞ; RSCþ
Sisyphus: motional cooling combined with RSC ðts ¼ 23 sÞ;
SSP: the previous sequence with subsequent optical pumping to
j0; 4; 3; 4i ðts ¼ 25 sÞ; SSPþ cleaning: in addition to SSP,
removal of all states except for the j0; 4; 3; 4i state from the trap
ðts ¼ 27 sÞ. The internal-state purity increases to 70%, while the
mean kinetic energy is reduced by more than an order of
magnitude. The vertical solid lines represent the 1σ statistical
error (which is smaller than the edge of the bar if not visible). The
values for uncooled ensembles overestimate the population relative
to the other sequences due to an imperfect state detection [27].
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motional Sisyphus cooling. Comprehensive internal-state
control also gives new prospects for high-precision mea-
surements or state-resolved collision studies. Finally,
extending our scheme to pump into the absolute ground
state [29] creates favorable conditions for the investigation
of sympathetic or evaporative cooling of polyatomic
molecules.
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