
LETTERS
PUBLISHED ONLINE: 7 MARCH 2010 | DOI: 10.1038/NPHYS1605

All-optical preparation of molecular ions in the
rovibrational ground state
T. Schneider*, B. Roth, H. Duncker, I. Ernsting and S. Schiller*
In the field of cold quantum matter, control of the motional
degrees of freedom of both neutral and charged gas-phase
molecules has been achieved for a wide range of species1–11.
However, cooling of the internal degrees of freedom remains
challenging. Recently, transfer to the internal ground state
by sophisticated optical techniques has been demonstrated
for neutral alkali dimers created in single quantum states
from ultracold atoms12–15. Here we demonstrate cooling of
the rotational degree of freedom of heteronuclear diatomic
molecules with a thermal distribution of internal states, using
a simple, robust and general optical-pumping scheme with two
low-power continuous-wave lasers. With trapped and transla-
tionally cooled hydrogen deuteride (HD+) molecular ions as a
model system, we achieve 78(4)% rovibrational ground-state
population. The rotationally, vibrationally and translationally
cold molecular ion ensemble is suitable for a number of applica-
tions, such as generation of long-lived coherences or frequency
metrology of fundamental constants16,17.

The study of cold molecular systems promises new insights and
advances in many fields of physics and physical chemistry. As in
atomic physics, the key to tapping the full potential of molecules is
the ability to accurately control the external and internal degrees
of freedom of the particles. The complex internal structure of
molecules has however so far precluded direct application of
many techniques developed for trapping and cooling of atoms,
demanding modified or completely new approaches. Now, a large
toolbox for trapping and cooling the motional degrees of freedom
of both neutral and charged molecules is available18. Although
general schemes for cooling the internal degrees of freedom
of molecules have been proposed19,20, the most general method
available at present is cryogenic buffer-gas cooling, which is efficient
only for molecules in the vibrational ground state and limits the
translational temperature to a few hundred millikelvin7. Coherent
transfer to the rovibrational ground state11–14 is most suitable when
most of the molecules are initially in the same quantum state, as is
the case formolecules produced by associating cold atoms.

For heteronuclear molecular ensembles for which the popu-
lation is distributed among many rotational levels in the v = 0
vibrational manifold, optical pumping has been proposed as an
approach to rotational cooling21,22. We demonstrate here that a
schemeusing two laser fields driving a fundamental and an overtone
vibrational electric dipole transition21 yields a large ground-state
population and briefly discuss the applicability of the scheme to
various diatomic molecular species.

Figure 1 shows the energy levels (without hyperfine structure)
and electric dipole transitions of the HD+ molecule relevant for
the experiment. The initial internal-state distribution is given by
a Boltzmann distribution reflecting thermal equilibrium with the
T ∼= 300K blackbody radiation field emitted by the experimental
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Figure 1 | Schematic view of relevant rovibrational states and dipole
transitions in the 1sσ electronic ground state of HD+ (not to scale).
5,484- and 2,713-nm transitions: optical pumping. 1,404- and 266-nm
transitions: state-selective detection by (1+ 1′)-photon dissociation. BB:
blackbody radiation. Dashed lines: dipole spontaneous decay channels. pN:
theoretical fractional rotational state populations in v=0 at T= 300 K.

apparatus. For HD+, this means that all of the ions are in the
v = 0 vibrational state of the 1sσ electronic ground state, but
only 10% are in the (v = 0,N = 0) absolute rovibrational ground
state. The remaining population is distributed mostly among the
states (v = 0,N = 1–5) with a maximum of 27% residing in the
(v = 0,N = 2) state23.

The set {(0,0),(0,1),(0,2),(1,1),(2,0)} of rovibrational states
(v,N ) forms a nearly closed five-level system with the rovibrational
ground state as a dark state when interacting with two laser fields
driving the (0,1)→ (2,0) and (0,2)→ (1,1) transitions. This
leads to rapid optical pumping of the populations in (0,N = 1,2)
to the (0, 0) ground state. If the optical pump rates sufficiently
exceed the rates at which the blackbody radiation redistributes the
populations among rotational states, also most of the population
in (0,N > 2) states is transferred to the rovibrational ground
state on a timescale given approximately by the inverse of
the average blackbody redistribution rate. As the spontaneous
emission rates from the excited (2, 0) and (1, 1) states are large
(32 s−1,18 s−1) compared with the blackbody redistribution rates
(<1 s−1), those conditions can be easily met and also redistribution
among excited states by blackbody radiation is negligible. The
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Figure 2 | Rate equation simulation for the optical pumping scheme. The
time evolution of the fractional rotational state populations pN in the
vibrational ground state for simultaneous optical pumping on the
(0,1)→ (2,0) and (0,2)→ (1,1) transitions as well as thermalization with
the T= 300 K blackbody radiation after the optical pumping fields have
been turned off.

maximum achievable steady-state population in the ground state
is then limited by thermal excitation away from the ground state on
the (0,0)→ (0,1) transition, with rateΓ00,01(T )∼=0.086 s−1.

We model the internal state dynamics by a set of rate equations,
see the Methods section. Under optimum conditions an accumula-
tion p0 ∼= 92% of the population in the rovibrational ground state
is predicted to be reached within 40 s (see Fig. 2). Driving only the
(0,2)→ (1,1) transition, p0 ∼= 69% is predicted. The steady-state
population fraction 1 − p0 not residing in the ground state is
predicted to scale as Γ00,01(T )/Avib, where Avib is the spontaneous
emission rate for a vibrational decay 1v = 1 (see Supplementary
Information for an explicit expression for p0). We expect that the
two-laser optical pumping scheme can be applied also to many
other heteronuclear diatomicmolecules with comparable efficiency
and simplicity because for many heteronuclear molecular ions
Γ00,01(T )/Avib� 1 at room temperature (here, 0.015). Numerical
simulations done for various diatomics with different electronic
ground-state configurations predict state populations >80% to
be reachable within a few minutes also for molecules that have
moderately smaller rotational constants than HD+ (refs 21, 24 and
Supplementary Information). For molecules with small rotational
constants, a more sophisticated approach could yield similar results
(see Supplementary Information).

When optical pumping is stopped, the ground-state population
p0 decays exponentially with a time constant τ ∼=Γ00,01(T )−1∼= 11 s
as the system evolves back to thermal equilibrium. During the first
100ms, p0 changes by less than 1%. For most types of spectroscopic
and optical measurement, this is sufficient time for any further
desiredmanipulation of the ground-statemolecules.

We apply the optical state-preparation scheme to ensembles
of typically 100 HD+ ions trapped together with about 2,000
laser-cooled atomic Be+ ions in a linear radiofrequency quadrupole
ion trap under conditions where the ions form a Coulomb
crystal (for details of the experimental set-up, see the Methods
section and refs 9, 23). The laser-cooled Be+ ions provide
sympathetic translational cooling for the HD+ ions to a (secular)
temperature of about 50mK and a means for detection of the
molecules (see below).

The experimental sequence is shown in Fig. 3. We first load
HD+ ions into the trap. We resonantly excite the HD+ ions’ secular
motion for ts = 5 s with an auxiliary radiofrequency field and
measure the average Be+ fluorescence change 〈1Γ1〉 resulting from
the extra heating of the Coulomb crystal with a heating rate Γn
proportional to the number of HD+ ions in the trap n. The total
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Figure 3 | Experimental sequence for determining the population pN in
the state (v= 0,N). Typical experimental REMPD raw data for N=0.
〈1Γ1〉(〈1Γ2〉) is the average change in the Be+ fluorescence Γf during the
first (second) secular excitation.

heating rate is thenΓh=Γ0+Γn, whereΓ0�Γn is an approximately
constant heating rate independent of n. Far away from the Doppler
limit, laser cooling of the two-species Coulomb crystal can be
described semiclassically in a similar way as for a single ion25 and
below saturation the cooling rate Γc is to good approximation
proportional to the Be+ fluorescence rate Γf (ref. 26). In the steady
state, we have Γf ∼ Γ0 + Γn with secular excitation and Γf ∼ Γ0
without. We then optically pump with a quantum cascade laser
at 5,484 nm and a distributed feedback diode laser at 2,713 nm
(for details, see the Methods section) for tp = 40 s followed by
td=3 s rotational state-selective (1+1′) resonance-enhancedmulti-
photon dissociation23 (REMPD): a continuous-wave ultraviolet
laser at 266 nm (IUV ∼= 128mWmm−2) dissociates molecular ions
in the v = 4 state through excitation to the 2pσ excited state
without affecting ions in the v = 0 state. We can therefore
selectively dissociate molecular ions from one specific (0,N ) state
by simultaneous excitation of a (0,N )→ (4,N ±1) transition with
a broadly tunable continuous-wave diode laser (1,370–1,480 nm,
IIR ∼= 19mWmm−2) that is spectrally broadened to 285MHz full-
width at half-maximum. Finally, we do another 5 s of secular
excitation to obtain 〈1Γ2〉 and determine our detection signal

SN =
〈1Γ1〉−〈1Γ2〉

〈1Γ1〉
= 1−

n2
n1

where n1 (n2) is the initial (final) total number of HD+ ions in the
trap. For every state (0,N = 0–4), we repeat the sequence typically
ten times and determine the average detection signal 〈SN 〉. The
detection time was optimized by measuring 〈S0〉 for successively
increasing values of td until 〈S0〉 starts to level off. If td is small
comparedwith the blackbody thermalization time and spontaneous
decay from the (4,N±1) state before dissociation can be neglected,
the fractional population pN in the state (0,N ) is pN = SN − Sb,
where Sb is the background relative loss of HD+ ions if the REMPD
lasers are off during td.

Figure 4 showsmeasurements of the rotational state distribution
for N = 0–4 with and without optical pumping together with the
predictions of the rate equation calculations for our experimen-
tal parameters including the REMPD detection. For the optical
pumping measurements, the background-corrected detection sig-
nals 〈SNb〉 = 〈SN 〉 − 〈Sb〉(〈Sb〉 = 0.03(3)) are determined from 18
(N =0),10 (N >0) and 25 (background) individual measurements
each. For the ground state, we find 〈S0b〉= 0.78(4), which is 85% of
the theoretical optimum p0 = 0.92 and nearly a factor eight larger
than the thermal equilibrium population at room temperature. The
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Figure 4 | Rotational-state distribution of the vibrational ground state
after applying the optical pumping scheme. Red dots: mean
background-corrected detection signals 〈SN〉−〈Sb〉. The error bars
represent 1σ standard deviation. Grey squares: measurement without
optical pumping from ref. 23. Black triangles: detection signals predicted by
rate equation simulations for the experimental parameters. Blue squares:
fractional state populations pN predicted by rate equation simulations for
the experimental parameters.

simulation predicts an actual detection signal S0 = 0.89 limited
by the available power of the ultraviolet-dissociation laser. The
above value therefore represents a lower bound on the actual
ground-state population. Comparing the ratios RN = 〈SNb〉/SN of
measured to predicted detection signals for states with a sizable
population (N < 3), we find values RN = 0.8–0.9. We also did mea-
surements for variable optical pump times tp as well as for optical
pumping with only the quantum cascade laser (〈S0b〉 = 0.64(3))
or the distributed feedback diode laser (〈S0b〉 = 0.22(6)) where we
again find RN = 0.8–0.9, confirming that the rate equation model
presented above gives for the HD+ molecule a good description
of the internal-state dynamics. We ascribe the small discrepancy
between theory and experiment to the simplified treatment of the
hyperfine structure in the simulations combined with a lower than
calculated excitation rate on the (0,N )→ (4,N+1) transitions used
for REMPD detection. The latter is evident from the unexpectedly
long optimum detection time td = 3 s found in the experiment,
which can be explained only by a reduced excitation rate on the
(0,N )→ (4,N + 1) transition during detection. Possible contri-
butions to this effect are an imperfect overlap between the diode
laser focus and the ion ensemble and the unnecessarily large and at
present non-adjustable spectral broadening of the diode laser. The
result is a reduction of S0 compared with the actual ground-state
population p0 because td is not sufficiently short compared with the
blackbody thermalization time. For N > 0, on the other hand, the
simulations predict SN >pN for the same reason, in good agreement
with the experimental data. For N > 0, our detection signals
therefore give an upper bound for the actual state populations pN .

Comparing the measured rotational state distribution to
a Boltzmann distribution that gives the same ground-state
population p0 results in an effective rotational temperature
Teff = 26.5K. Although such a temperature could also be achieved
using a cryogenic set-up, the all-optical method has several
advantages: it puts less constraints on the design of the experiment,
is faster than waiting for thermalization with a cold environment
and compared with cryogenic buffer-gas cooling it does not
compromise the translational temperature of the sample.

A logical next step is to extend the rotational cooling by a 1.3 THz
radiation source for addressing individual hyperfine components
of the fundamental rotational transition (0,0)→ (0,1). This will
enable preparation of the ions also in a specific hyperfine sublevel
of the rovibrational ground state and precise measurements of the

HD+ hyperfine structure as well as improved absolute frequency
measurements of rovibrational transition frequencies17,27,28.

Methods
Rate equation model. The rate equations for heteronuclear diatomics21 are based
on Einstein A and B coefficients, which for HD+ are derived from theoretical values
for transition energies27 and transition dipole moments29. The numerical model
includes states (v = 0–4,N = 0–9) and interaction with the unpolarized blackbody
radiation field as well as the linearly polarized laser fields for optical pumping
and molecule detection. Rotational blackbody excitation and deexcitation is taken
into account only in the v = 0 level. The neglect of such processes within v = 1,2
compared with vibrational spontaneous emission to the v−1 level requires that the
ratio of the fundamental rotational frequency νrot and the blackbody temperature
be sufficiently large, exp(hνrot/kBT )−1� 2A11,10/A11,00, where Av ′N ′ ,vN stands for
the spontaneous decay rate from an upper level (v ′,N ′) to a lower level (v,N ).
For the relevant cases T ≤ 300K, this inequality is satisfied for most diatomics.
Vibrational blackbody excitation and deexcitation is taken into account for all
levels considered. It is negligible in HD+ at room temperature compared with
competing rates, but more generally may become relevant for the (0, 0) ground
state, because the blackbody excitation rateΓ00,11(T ) for (0,0)→ (1,1) can become
comparable to or larger than the rotational blackbody rateΓ0(T ) for (0,0)→ (0,1)
at more elevated temperatures.

The main simplification of the model is the way we account for the detailed
hyperfine structure of the rovibrational states. If the frequency spectrum of a
radiation field driving a transition is broad compared with the spectral width of
the transition’s hyperfine spectrum (typically <150MHz (ref. 28)), the hyperfine
absorption spectrum can be approximated by a single line with a spectral
profile given by the envelope of the actual hyperfine spectrum. As under typical
experimental conditions the Doppler broadening of 10–20MHz of the hyperfine
lines is comparable to the typical separation of adjacent hyperfine lines, we
approximate each hyperfine spectrum by a single Gaussian absorption profile of
appropriate width. For optical pumping to be efficient, the lasers must have similar
spectral widths as the respective hyperfine spectra and sufficient spectral intensity
to saturate the transitions.

Trapping and cooling apparatus. For translational cooling of the HD+ ions,
we simultaneously store both Be+ and molecular ions in a linear radiofrequency
trap driven at 14.2MHz with a peak-to-peak amplitude of 380V. The Be+ ions
are laser cooled on the 2S1/2–2P3/2 transition at 313 nm down to temperatures of
<20mK (depending on the size of the ensemble) at which they form an ordered
structure known as a Wigner or Coulomb crystal. Owing to the long-range
electrostatic interaction between atomic coolants and molecular ions, the latter are
sympathetically cooled to translational temperatures <50mK and embedded in
the Be+ ion crystals in the vicinity of the trap symmetry axis. The ion ensembles
have lifetimes ranging from minutes to hours, limited by chemical reactions
with residual gas. The trapped species are identified by excitation of their
mass-dependent motional (secular) frequencies. We excite the radial motion of
the HD+ ions by a spatially homogeneous and temporally oscillating electric field,
resonant with the HD+ radial secular frequency in the trap (800 kHz), which is
slightly shifted with respect to the single ion motional frequency (840 kHz) because
of the space charge of the ion ensemble. We use molecular dynamics simulations
to deduce ion numbers, three-dimensional spatial distributions and upper limits
for the translational temperature of each species contained in the crystal from CCD
(charge-coupled device) camera images of the ion ensembles. The simulations
include full Coulomb interaction, light pressure forces, anisotropies of the trap
pseudopotential and species-dependent heating rates30.

Laser sources for optical pumping. For optical pumping, we use two laser
sources: a room-temperature continuous-wave quantum cascade laser driving the
(0,2)→ (1,1) transition at 5,484 nm (Iqcl ∼= 12 µWmm−2) that is continuously
frequency referenced to an absorption line in NH3 and spectrally broadened to
100MHz (peak to peak). The second laser is a continuous-wave distributed feedback
diode laser driving the (0,1)→ (2,0) transition at 2,713 nm (Idfb∼= 0.3mWmm−2).
During optical pumping, the centre frequency of the laser is not actively stabilized
and the frequency spectrum is broadened to 200MHz (peak to peak) by current
modulation. The rest of the time, the modulation is reduced to 40MHz (peak to
peak) and the laser is continuously frequency referenced to an absorption line in
CO2. For both the quantum cascade laser and the distributed feedback diode laser,
the intensity is larger than the saturation intensity of the respective transition.
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