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with its minimum energy at the position of the maxi-
mum electric field. Therefore, molecules will gain the
kinetic energy when moving in the direction of increasing
electric field (toward electrodes) and loose it when going
away. In principle, such molecules can be also focused
and decelerated by appropriately switched fields [21–28].

One may think of switching the population from one
quantum state to another at the points of minimum and
maximum of the electric field, such that the effective Stark
potential is always upwards-sloped in the direction of the
molecular motion. In this way, molecules will continually
loose their kinetic energy on both the upward and down-
ward slopes of the electric field, which is illustrated in
Fig. 1b. A seemingly similar idea to Stark deceleration has
been theoretically proposed in [29], yet there are a num-
ber of key differences discussed in section II which make
the present technique more robust and more practical.
Sisyphus opto-electrical cooling method [30, 31] is also
based on a similar idea to produce ultra-cold molecules.
Very recently, a concept of state switching with adiabatic-
passage techniques has been utilized [32] to control the
excition qubit dynamics in quantum dots.

In the Stark decelerator, the field switching sequence
is calculated with the help of a hypothetical synchronous
molecule moving along the molecular beam axis. The
fields are switched every time the synchronous molecule
reaches a certain position with respect to the electrodes,
expressed in terms of a phase angle φ0 = 0 . . . 90 ◦. The
limiting values 0 and 90 ◦ correspond to the points of
minimum and maximum of electric field along the beam
axis. The phase angle is always chosen slightly away from
the position of the field maximum (φ0 ≈ 80 ◦) in order
to increase the phase space, i.e., velocity and position,
acceptance of molecules along the molecular beam axis.
The exact value of the phase angle is calculated depend-
ing on the initial position and velocity distribution of
molecules and the desired final velocity. In the transverse
directions, molecules in WFS states are focused towards
the molecular beam axis, resulting in time-dependent
transverse oscillatory trajectories of molecules around the
synchronous molecule.

In the alternating states (AS) Stark deceleration
method, see Fig. 1, the electric field configuration is
switched at φ0 ≈ 0, while the population is transferred
back and forth between the WFS and SFS states at φ0 ≈ 0
and 90 ◦. The transverse focusing mechanism is similar to
that in the alternating gradient decelerator [24], except
the fact that molecules are focused toward the beam cen-
ter in WFS state and defocused away in the SFS state
moving along the same transverse direction and within
one electric field stage.

Besides Stark deceleration, several other techniques
for producing slow molecular beams have been advanced
in the recent years, such as buffer-gas cooling [33, 34],
direct laser cooling [35, 36], Sisyphus [30, 31, 37], sympa-
thetic [38], or evaporative [39] cooling, and photoassocia-
tion of ultracold atoms [40, 41]. Many of these techniques
can benefit from using the Stark decelerator as a preced-

ing stage [42] for producing high intensities of cold beams
in selected rovibrational states from a wide range of polar
molecular species.

Here, we explore the idea of altering the internal state
of the whole ensemble of molecules in the molecular beam
in the presence of inhomogeneous electric fields. As an
example we show how this method help to improve the
efficiency and the phase-space characteristics of the Stark
deceleration method. We propose and theoretically vali-
date a robust method for population inversion between
a pair of SFS and WFS states of a molecule, based on
the rapid-adiabatic passage with a Stark-shift chirp pro-
duced by the controlled time-modulation of the electric
field in Stark decelerator. Applied to a beam of ammonia
(14NH3) molecules, the proposed method shows 2-3 times
larger longitudinal velocity acceptance than the conven-
tional decelerator resulting in higher final densities of cold
molecules. Furthermore, since molecules are slowed down
on both upward and downward slopes of the electric field,
the number of mechanical deceleration stages, required to
reach a desired final velocity, can be reduced by a factor
of two. This aids the deceleration of heavy or less polar
molecules at lower field strengths. The present method
could be implemented using one of the existing Stark
decelerators by mounting an additional laser source and
fast semiconductor voltage switches.

II. POPULATION INVERSION IN THE STARK

DECELERATOR

A coherent population transfer between a pair of WFS
and SFS rovibrational states can be produced with a very
high efficiency by the Stark-chirped rapid adiabatic pas-
sage (SCRAP) technique [2, 5, 6]. The standard SCRAP
implements two time-delayed Gaussian pulses that partly
overlap in time: A pump pulse with a fixed frequency
ωp is tuned slightly away from the resonance with the
WFS-to-SFS transition ∆Eres. A relatively intense far-
off-resonance Stark pulse is used to chirp the transition
frequency ∆Eres + ∆S(t) through the resonance with ~ωp

by inducing a dynamic Stark shift ∆S(t). The SCRAP
population transfer is robust to fluctuations in the inten-
sities of the pulses, as long as other parameters – such as
the pump frequency, and the delay time – are carefully
controlled.

It is therefore essential that there are no further strong
detunings present in the system, e.g., inhomogeneous
broadenings of transition frequency or external electric
fields. Such perturbations can significantly lower the
percentage of the population transfer, which represents a
major obstacle for employing SCRAP within the Stark de-
celerator. Although the highly spatially inhomogeneous
electric field aids the deceleration, it induces an addi-
tional static detuning of the transition frequency, i.e.,
∆Eres + ∆dc(~r), which depends on the position of the
molecule ~r in the decelerator. As a result, SCRAP will
produce a complete population inversion only for a frac-
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tion of the total amount of molecules, which have an
appropriate dc Stark shift, i.e., only for molecules located
within certain confined regions in the decelerator. This
would, for example, demand two different sets of the Stark
and pump pulses to be employed for the population in-
version at the areas of minimum and maximum of the
electric field. However, the principal problem is that the
variation in the dc field detuning over a typical spatial-
acceptance region of the decelerator is much larger than
the detuning normally produced by a Stark pulse, i.e.,

|∆dc(~r′) − ∆dc(~r)| ≫ ∆S(t). Nonetheless, increasing the
Stark pulse intensity, i.e., increasing ∆S(t), would make
the population transfer more sensitive to the intensity
fluctuations in the pump pulse. One can try to make
∆dc(~r) = 0, i.e., switch off the dc electric field for a short
period of time, i.e., a fraction of a microsecond, and carry
out the SCRAP population inversion. This, however, may
lead to the so-called Majorana transitions into the non-
polarizable molecular states, e.g., states with m = 0, and
correspondingly to a significant loss of molecular density.
Another option would be to create a dc electric field that
is uniform in the longitudinal and transverse directions,
i.e., ∆dc(~r) = const., which is, however, technically very
challenging; it could possibly be implemented in a Stark
decelerator with large-flat-area electrodes [29].

Here, we develop an alternative scheme to circumvent
this problem by using a temporally controlled rise of the dc
electric field in decelerator to produce the rapid-adiabatic
passage transfer. The second Stark pulse of the original
SCRAP is discarded and the operation scheme can be
described as follows: when molecules reach a position
where their population has to be transferred between SFS
and WFS states, see Fig. 1, the voltages V (t) are first
dropped to Vmin as in the conventional Stark decelerator.
Then the pump field (ωp) is turned on and the voltages
V (t) are ramped up to Vmax in a time of about 0.1–0.2 µs
(Vmin ≤ V (t) ≤ Vmax). The applied voltages generate the
time- and position-dependent dc electric field, which in
turn produces the spatially inhomogeneous Stark shift
of the transition frequency ∆dc(~r, t) in molecules. The
minimal and the maximal voltages are chosen such that
by varying V (t) over a period of time t = 0 . . . tmax, the
condition

∆Eres + ∆dc(~r, tres) = ~ωp (1)

is satisfied at some resonance time 0 < tres < tmax for ev-
ery position ~r within a large acceptance-volume inside the
decelerator. The sufficiently intense pump field, applied
during the resonance crossing, produces a complete adia-
batic passage of population from initial to final states [6].
The adiabatic evolution of the population is ensured by a
smooth temporal rise of the voltages, a long interaction
time, and a strong electric dipole coupling between the
interacting states. When the voltages reach the operating
value Vmax, the pump field is turned off and molecules
continue into the next deceleration stage. In ref. [29] a
seemingly similar idea of WFS/SFS population switching
has been proposed, however there are some key differ-

ences. Firstly, in [29] two laser pulses: Stark pulse and
pump pulse are required. Secondly, ref. [29] uses stimu-
lated Raman adiabatic-passage method to switch between
strong-field seeking and weak-field seeking states, whereas
we use Stark-Chirped rapid-adiabatic passage (SCRAP)
method. A disadvantage of STIRAP is that its efficiency
in transferring populations between rovibrational states
is sensitive to inhomogeneous broadening of respective
energy levels [2]. To the contrary, our Stark-chirped
rapid-adiabatic-passage method utilizes the Stark-shifts
to rovibrational energy levels as a means of sweeping
through resonance with the pump-field frequency. In
this way, there is a reasonably large margin for energy
dispersion of the initial/final state.

We simulate the SCRAP population transfer in the
molecule by solving the corresponding time-dependent
Schrödinger equation and calculating the time-dependent
probabilities for finding the molecule in the SFS or WFS
state. Specifically, the objective is to optimize the time-
dependent voltage function V (t) that would maximize
the efficiency of the population transfer between selected
rovibrational states. For these simulations we choose the
prototypical ammonia (14NH3) molecule. The lowest-
energy state of para-ammonia is the rotational state
|J, k, m〉 = |1, 1, 1〉 of the vibronic ground state. This
state is split by ∆Ea−s = 0.794 cm−1 due to the inver-
sion tunneling into the symmetric Es = 16.173 cm−1 and
the antisymmetric Ea = 16.967 cm−1 component. These
components have opposite parity and repel each other
in the presence of an external electric field, producing
a pair of closely lying SFS and WFS states. To model
the dc electric field produced by the Stark decelerator we
picked a conventional electrode configuration. Each stage
of the decelerator is formed by two parallel cylindrical
electrodes of diameter 3 mm, with their axes parallel
to either x or y, and their surfaces separated by 2 mm.
The distance between the centers of two stages is 6 mm
along the molecular beam axis z, and successive stages
are rotated through 90◦ about the z axis. When voltage
is applied to electrodes along the x axis, the electrodes
along the y axis are grounded and vice versa, such that
the electric field vector is always contained in the xz or
yz planes. Since the electric field is periodic and symmet-
ric, for simulations we choose a unit cell z = [zmin, zmax]
between the centers of two neighbouring stages, where
the electrodes at zmin are grounded and the voltage is
applied to the electrodes at zmax. The resulting dc electric
field is computed on a dense grid using a finite elements
approach [43]. The maximal value of the applied volt-
age was set to |Vmax| = 10 kV, which creates an electric
field of 1.9 kV/cm, 23.2 kV/cm, and 91.1 kV/cm at zmin,
(zmin + zmax)/2, and zmax, respectively, along the molec-
ular beam axis through the electrode pairs.

To simplify the analysis of the time-dependent proba-
bilities in terms of the SFS and WFS state populations,
the minimal voltage was set to zero, Vmin = 0, at the
end of SCRAP simulation. In the actual Stark deceler-
ation experiment, however, the electric field is never let
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a) the AS and ASMP schemes capture more molecules
than AG, hence provide higher molecular densities; b)
at synchronous angle φ0 = 80 ◦ the ASMP method gives
higher molecular densities than the AS method, i.e., 53 %
vs 38 % at v = 270 m/s and 10 % vs. 5 % at v = 240 m/s.
The additional short-time voltage increase in the ASMP
method provides an extra focusing force, which when
properly timed, guarantees capturing of a larger number
of molecules. Further longitudinal slowing of molecules is
possible when more deceleration stages are used. At low
velocities (< 20 m/s) the phase-stability of the molecu-
lar packet decreases rapidly [53], which presents a major
challenge to subsequent trapping of the slowed molecules.

The transverse velocity spread shown in the right col-
umn in Fig. 4 is similar for all three methods. For φ0 = 80◦

the transverse phase-space diagrams are qualitatively iden-
tical. For lower values of the synchronous angle, the
spread in the transverse positions for AS and ASMP
methods becomes smaller than for AG method. This
suggests that due to the effectively shorter focusing and
defocusing distances in AS and ASMP, large amplitudes in
the transverse motion are produced when the synchronous
angle is small, which leads to larger losses of molecular
density. A compromise value of φ0 between the transverse
and the longitudinal phase space acceptances for AS and
ASMP is somewhere in between 70 ◦ and 80 ◦.

IV. CONCLUSIONS

The influence of an induced inversion of the internal-
state population of decelerated molecules on the efficiency
and the phase-space-acceptance characteristics of the
Stark decelerator were studied. Decelerated molecules are
switched back and forth between selected WFS and SFS
rovibrational states such that the induced Stark potential
is pointing upward along the molecular beam axis on both,

ascending and descending, branches of the decelerator’s
electric field. Specifically, we developed and computa-
tionally tested a new scheme for population inversion in
molecules, based on the rapid adiabatic passage with a
Stark-shift chirp created by controlled time-modulation
of the electric field in a decelerator. Rigorous quantum-
mechanical calculations for ammonia molecule demon-
strated a population inversion efficiency larger than 99.5 %
for spatially extended, long, molecular beams. Classical
trajectory simulations demonstrated the potential of con-
trolling the internal state of decelerated molecules for
obtaining a larger phase-space acceptance in the longitu-
dinal direction and more efficient deceleration.

The comprehensive internal-state control presented
in this paper also gives new prospects for separating
molecules in different hyperfine states, which is impor-
tant in collision studies and high-precision spectroscopy.
Calculations for these purposes can now be made with
latest update to the TROVE program [54], which allows
for high accuracy rovibrational calculations with nuclear-
quadrupole interactions included. Finally, it is interesting
to test the present method on slow molecular beams,
e.g., in combination with the recently proposed advanced
switching operation mode of the Stark decelerator [55].
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