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ABSTRACT: Non-radiative energy transfer between a Rydberg
atom and a polar molecule can be controlled by a static electric
field. Here, we show how to exploit this control for state-resolved,
non-destructive detection and spectroscopy of the molecules,
where the lineshape reflects the type of molecular transition. Using
the example of ammonia, we identify the conditions for collision-
mediated spectroscopy in terms of the required electric field
strengths, relative velocities, and molecular densities. Rydberg
atom-enabled spectroscopy is feasible with current experimental
technology, providing a versatile detection method as a basic
building block for applications of polar molecules in quantum
technologies and chemical reaction studies.

Cold polar molecules are excellent candidates for quantum
control, with applications ranging from fundamental

physics1,2 and quantum information3−5 to cold chemistry.6

The ability to detect the molecules, ideally at the single-
molecule level and in a non-destructive and state-resolved
fashion, is a prerequisite to any such application. Optical
detection schemes, such as laser-induced fluorescence or
absorption,7−10 are destructive and difficult to apply at a low
density, except for select molecules with optical cycling
transitions. An alternative approach to non-destructive
detection suggested the use of Rydberg atoms.11,12 It exploits,
instead of driving molecular transitions by laser light, Förster
resonant energy transfer (FRET), i.e., non-radiative energy
exchange between the donor and acceptor mediated by the
resonant dipole−dipole interaction.13,14 Rydberg atoms are
particularly well-suited to FRET as a result of their large dipole
moment.15,16 Rydberg states are readily prepared,17,18 and the
scaling of Rydberg transitions with the principal quantum
number19 allows for covering the microwave and terahertz
spectral range, i.e., rotational transition frequencies in a large
variety of molecules.12 The basic feasibility of non-destructive
detection of molecules via FRET with Rydberg atoms has been
demonstrated for ammonia,20 as has electric field control of the
energy transfer.20−22 The latter leverages the easy tunability of
Rydberg energy levels as a result of their sensitivity to external
fields.23,24 Thanks to this tunability, it should be possible to use
FRET not only to see whether a molecule is present or not but
to actually infer the molecular state prior to the interaction.
This would be an extremely useful tool for quantum
technologies and studies of cold and ultracold chemistry but
requires a description of the molecular structure beyond the
popular two-level approximation.4,5,12,20−22,25−27

Here, we establish a first-principles-based theoretical frame-
work for FRET in collisions of polar molecules with Rydberg
atoms and predict electric-field-dependent cross sections with a
full account of the interparticle dynamics. In an experiment,
the cross sections will be obtained by measuring the final state
of the Rydberg atom via, e.g., ionization as a function of the
electric field. Whether the cross sections display well-resolved
lines suitable for spectroscopy depends upon the key
parameter governing a collision, the relative velocity. Well-
resolved lines, in turn, allow for inferring the state of the
molecule or molecular ensemble, as we show below. Such
Rydberg spectroscopy of polar molecules only requires the
existence of (near) resonant dipole transitions in the two
particles.
Translational motion of the collision complex and internal

degrees of freedom can be separated as a result of their
different time and energy scales,28 similar to the semi-classical
impact parameter method.29 The distance rmol(t) between the
molecule and atomic core (cf. Figure 1a) is then a time-
dependent parameter in the atom−molecule interaction. The
Hamiltonian for the internal degrees of freedom is given by

= + + +H t H V H V t( ) ( )ryd ryd
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where V̂ryd
DC captures the Stark shifts in the Rydberg atom as a

result of the direct current (DC) electric field30 and V̂int(t)
describes the interaction of the molecular electric dipole
moment d̂mol, with the electric field arising from the charge
distribution of the valence electron of the Rydberg atom. For
sufficiently large distances between the atom and molecule, it is
given by the dipole−dipole contribution
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where rr̂yd is the position of the Rydberg electron. We assume
the ensemble to be sufficiently dilute, such that a Rydberg
atom interacts at most once with a molecule28 and neglects any
change of the molecular trajectory as a result of the interaction

= +r e et vt b( ) Z Xmol (3)

with veZ is the velocity and b is the impact parameter, with the
molecular beam direction chosen parallel to the DC field. We
expect the best resolved spectra for this geometry as a result of
symmetry; different orientations of the trajectory imply a
dependence upon the azimuthal angle and, thus, an additional
averaging. The Rydberg atom is assumed to change its state
only as a result of FRET with the molecule. We denote the
probability for this state change by Pex

Ψ0(Δ,b) for a given initial
state |Ψ0⟩ of the atom and molecule, with Δ being the energy
mismatch between the molecular and atomic transition. To
calculate Pex

Ψ0(Δ,b), we solve the time-dependent Schrödinger
equation with Ĥ(t), choosing initial and final times such that
the atom and molecule are well-separated and V̂dd(t) is
negligible. The corresponding cross section is obtained by
integrating this probability over all impact parameters.

= b bP b( ) 2 d ( , )
0

ex0
0

(4)

Electric field tunability of the cross section arises from tuning
Δ via the Stark effect of the Rydberg atom. The semi-classical
approximation is held down to a velocity of about v = 0.1 m/
s.28 This is also the lower limit for spectroscopy because, for
even smaller velocities, the Rydberg atom will likely decay
before the particles had enough time to interact.28

Motivated by recent experiments,20,22 we consider FRET
between Rydberg atoms and the inversion mode of ammonia.

The molecular state can be written in terms of the vibrational
inversion mode |ν±⟩ and the symmetric top eigenstates |
JKM⟩.28 Because rotational transition frequencies are large
compared to the inversion splitting, it is sufficient to consider a
single inversion doublet at a time, such that |ν±JKM⟩, with |ν+⟩
being the lowest and a symmetric sublevel and |ν−⟩ being the
second lowest and an antisymmetric sublevel of the inversion
doublet for given J, K, and M. Coupling to other vibrational or
electronic degrees of freedom is negligible. The inversion
splitting depends upon J and K approximately as31

= + +c J J K c K( ( 1) )inv inv
0

1
2

2
2 (5)

with constants c1,2.
31 For fixed J and K, dipole transitions obey

the selection rules ν± ↔ ν∓ and ΔM = ±1 or 0 (unless M = 0 =
M′).

Ĥryd is represented in the spherical basis |n m, with
principal quantum number n, angular quantum number , and
projection m . Assuming rubidium, levels with ≤ 7 are shifted
as a result of the finite size of the ionic core,32 by the quantum
defect n j, which we approximate as = +n n j, 1/2.

28 For low
J and K = J, the inversion splitting of ammonia is matched by
transitions between |46p, m ⟩ ≡ |↓, m ⟩ and |45d, m ⟩ ≡ |↑, m ⟩
(cf. Figure 1b). For J = K = 1, the energy mismatch between
the atomic and molecular transitions is shown in Figure 2a as a
function of the DC field strength. It vanishes at different field
strengths for transitions involving different m . This is at the
core of the suggested spectroscopy.
We consider two different scenarios, both of which can be

realized with existing experimental setups. In the first scenario,
we assume the molecule to be prepared in a single rotational
energy level, for example, in an experiment with a suitable (e.g.,
quadrupole) guide or Stark decelerator.33−35 In the second
scenario, we consider molecules in essentially arbitrary
rotational states, taking a thermal state as example, and show
that this state can be inferred from the measurements. The two
scenarios differ in the number of state-to-state cross sections
that have to be averaged when predicting the outcome of an
experiment. Both rely on FRET between the atom and
molecule and both assume state-resolved detection of the
Rydberg atom after the collision.
Starting with the first scenario of molecules in a single

rotational level, we assume J = K = 1 for the molecule and the
Rydberg atom in one of the states |↓, m ⟩ with m = 0 or ±1.
The choice of m is easily ensured by a suitable laser
polarization in the Rydberg state preparation. Because the
energy transfer is resonant, it is sufficient to consider only the
upper inversion level for the molecule, |ν−, M⟩ with M = 0 or
±1. The state-to-state cross sections for all possible initial
states are shown as a function of the DC field strength for three
relative velocities in panels b−d of Figure 2, with resonances
indicated by vertical lines. As the velocity increases, the cross
section peaks increase in width and decrease in amplitude. For
dipole−dipole transitions, the maximum of the cross section
and its line width scale as12

d v v dmax( ) / , /mol
3/2

mol (6)

with +d K J J/ ( 1)mol for the considered transition in
symmetric top molecules.36

Molecules in a molecular beam experiment are randomly
oriented, corresponding to all M states being populated. We
thus consider two M-averaged cross sections, for m = 0 and 1

Figure 1. Collision-mediated Rydberg spectroscopy of polar
molecules relies on the interaction of the molecular dipole moment
(light blue arrow) with the electric field as a result of the charge
distribution of the valence electron of the Rydberg atom (indicated by
the shaded area). (a) Classical scattering trajectory (dark blue). (b)
Relevant energy levels of the Rydberg atom, with all possible dipole
transitions indicated by arrows.
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(shaded areas in panels b−d of Figure 2): At low velocities, the
peaks do not overlap (Figure 2b) and are also clearly
distinguishable for higher velocities (Figure 2c). While the
resolution of single transitions is hampered at an increasing
velocity, the two M-averaged cross sections continue to be
distinguishable up until about v = 50 m/s (Figure 2c). In
particular, the two resonances occurring at the largest field
strengths, corresponding to |↓, m = 0; ν−, M⟩ ↔ |↑, m = 1; ν+,
M′⟩ for the dashed red and |↓, m = 1; ν−, M⟩ ↔ |↑, m = 2; ν+,
M′⟩ for the dotted blue vertical lines, can be resolved. It is thus
possible to deduce from the recorded cross sections the
molecular energy splitting and, hence, the rotational level. At
higher velocities, this is no longer the case.
The peak heights in panels b−d of Figure 2 imply that an

effective volume of 2 × 10−9 cm3 is probed by one Rydberg
atom, assuming an interaction time of 100 μs. This suggests a
fully saturated signal at a molecular density of 5 × 108 cm−3. In
experiments, the molecular signal has to be discriminated
against the background, mainly as a result of Rydberg
transitions caused by blackbody radiation.20 Given the cross
sections in panels b−d of Figure 2, this should be possible for
densities as low as 105 cm−3.28

Various lineshapes are observed in panels b and c of Figure
2, even in the M-averaged case. For example, if the Rydberg
atom starts in m = 0 (vertical red lines), the cross section
around 107 V/m (dashed) is Lorentzian but displays a clear

dip around 92 V/m (solid, see the inset). We now show that it
is the time dependence of the interaction (eq 2) as a result of
the collision that is reflected in the lineshape.
The selection rules allow for three types of FRET transitions

(cf. Figure 3a), which we term criss-cross (red) and linear

(blue) and diagonal (green) flip-flop. To analyze each type
separately, we reduce the Hilbert space of the atom and
molecule to only two states each, the states connected by the
respective transitions in Figure 3a. Then, there is only a single
m a t r i x e l e m e n t f o r t h e i n t e r a c t i o n ,

= | | +V t m M V t m M( ) , ; , ( ) , ; ,dd dd , shown in
Figure 3b for v = 100 m/s and b = 160 nm. It is symmetric
as a function of time around t = 0, where the two particles are
closest to each other and Vdd(t) takes its extremal value. The
two coupled two-level systems (TLS) accumulate a relative
phase, which in the resonant case is simply given by

=t V t t( ) ( )d
t

dd , shown in Figure 3c. For the criss-
cross transitions (red lines), Vdd(t) is always negative, Φ(t)
thus decreases monotonically, the two TLS exchange their
excitation perfectly (Figure 3e), and the TLS cross section
displays a Lorentzian peak (Figure 3d). For flip-flop transitions
(green and blue lines in panels b−e of Figure 3), the non-
Lorentzian lineshapes are rationalized by the different time
evolutions of Vdd(t) with two changes of sign. Phase
accumulation is then non-monotonic, and most importantly,
the phase equals zero at t = 0. This causes the TLS to return to
their initial states (cf. Figure 3e), resulting in a vanishing cross
section at resonance. Shifting the transitions away from
resonance breaks the symmetry in the time evolution of
Vdd(t), resulting in a non-vanishing accumulated phase and
cross section. This behavior is observed for both linear and

Figure 2. Electric field control of collisions between molecules
prepared in a single rotational energy level (here, J = 1 = K) and
Rydberg atoms. (a) Energy mismatch Δ between the inversion mode
of ammonia and the Rydberg transitions shown in Figure 1b. Vertical
lines indicate resonances. (b−d) State-to-state cross sections for
different initial states (indicated by the line color) and velocities
(panels). Red (green) shaded areas show cross sections averaged over
degenerate initial molecular states with the atom in |↓, 0⟩ (|↓, 1⟩).
Note the different scales of the x and y axes.

Figure 3. (a) Types of transitions in two TLS as a result of dipole−
dipole coupling and (b−e) their behavior during the collision: (b)
interaction strength V̂dd(t) scaled to a maximal absolute value of 1, (c)
its integrated value Φ(t), (d) normalized cross section σ̃ = σ/σmax as a
function of the energy mismatch Δ (with σmax = 1.7 × 10−9 cm2), and
(e) exemplary time evolution at resonance.
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diagonal flip-flop transitions because only the overall strength
of their coupling differs.
While the cross sections in Figure 2 arise from more

complex dynamics than that of two coupled TLS, the peaks
resemble lineshapes as seen in Figure 3d. For example, the
peak at 107 V/m for the initial state |↓, m = 0⟩ ⊗ |ν−, M = 1⟩
(purple line) is Lorentzian, suggesting a criss-cross transition,
where both m and M change by one. Indeed, we numerically
find the transition to |↑, m = −1⟩ ⊗ |ν+, M = 0⟩ to be
dominant. In contrast, around 92 V/m, the peak shows a deep
dip as a result of a flip-flop transition to |↑, m = 0⟩ ⊗ |ν+, M =
1⟩. Note that the state-to-state cross sections in Figure 2 do
not vanish entirely at resonance because our model includes all
m /M sublevels. Repeating the analysis for all initial states in
Figure 2, we find all resonances to be dominated by one type of
transition.28 The electric-field-controlled cross sections thus
reveal whether a criss-cross or flip-flop transition is at the core
of a resonance.
We now discuss the second scenario, showing how to

employ Rydberg spectroscopy to infer the population of
molecular states. Figure 4 illustrates the working principle,

correlating rotational states with peaks in the cross section.
The dependence of the M-averaged cross section on the
rotational quantum numbers J and K, shown in Figure 4a, can
be observed as a function of the DC field strength as a result of
dependence of the inversion splitting on J and K (cf. eq 5).
Figure 4 focuses on states with the Rydberg atom initially in m
= 0 (for m = 1, cf. ref 28) and molecules in J ≤ 11, which have
an inversion splitting near resonant to the Rydberg transition
at the considered electric field strengths and temperatures. The
cross sections in Figure 4a display a sequence of resonances,
similar to Figure 2b, with the position and height of the peaks
depending upon K, in perfect agreement with the scaling of eq
6. When a thermal ensemble is considered, the cross sections
are obtained by averaging over all states in the ensemble (cf.
panels b and c of Figure 4). The occupation of the rotational

states is then given by =f T g( ) / eJK
E k T/JK B , with T being

the temperature, being a normalization factor, and g being
the statistical weight of the state.28 At very low temperatures, T
≤ 10 K, the J = K = 1 contribution dominates, leading to a
similar pattern as shown in Figure 2b. At higher rotational
temperatures (panels b and c of Figure 4), an increasing
number of rotational states contributes. For a relative velocity
of v = 10 m/s, as shown in Figure 4, the resonances are easily
resolved and assigned to the different rotational states. The
resonances for J = 1 and 2 between 70 and 140 V/m are the
hardest to resolve, but Figure 2 shows that this is possible until
at least 50 m/s. Provided that the velocity is sufficiently low,
measurement of the cross section as a function of the electric
field strength thus allows for inferring the rotational state
composition of the molecular ensemble from the position and
height of the peaks. An explicit example is worked out in ref 28.
To determine the composition of states with other K values,
simply a different Rydberg transition has to be selected, e.g., |
47p, m ⟩ to |46d, m ⟩.
In summary, we have derived the principles of a collision-

mediated, non-destructive spectroscopy of polar molecules,
using a complete dynamical description from first principles.
Instead of the light−matter interaction, the spectroscopy is
based on the resonant dipole−dipole interaction with Rydberg
atoms. Taking ammonia and rubidium as an example, we have
shown that the electric field control of the cross sections allows
for inferring the relative population of rotational states for
velocities below 100 m/s. The lineshape reveals the dominant
type of FRET-induced transition. For very low velocities, of the
order of 1 m/s, line widths below 1 MHz will be obtained. The
considered velocities between 100 and 1 m/s cover the range
relevant for application of the suggested spectroscopy in cold
reaction dynamics and quantum technologies. A key advantage
of Rydberg atom-enabled spectroscopy is the ability to
measure spectra for extremely low molecular density.
Detection of single molecules in optical tweezers or at
molecular densities as low as 105 cm−3 seems realistic.
Our example of ammonia and rubidium is easily carried over

to other atomic and molecular species. Exchanging rubidium
by helium,22 for instance, mainly reduces the quantum defects,
rendering the isolation of a suitable dipole−dipole transition
from neighboring (possibly higher order) transitions somewhat
more difficult. When ammonia is replaced by other polar
molecules, purely rotational transitions can be used instead of
the inversion mode.12 A further prospect is to probe transitions
governed by higher order terms in the multipole expansion;
this simply requires a suitable choice of Rydberg levels. A
method for state-resolved non-destructive detection of polar
molecules addresses an essential need for their application in
quantum technologies and cold reaction dynamics studies and
establishes Rydberg atoms as a versatile addition to the
quantum control toolbox for cold and ultracold mole-
cules.4,5,25−27
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Figure 4. (a) Rydberg spectroscopy with M-averaged cross sections
shown on the right (for v = 10 m/s and m = 0) and relative
populations of the rotational states shown on the left for single
rotational levels and (b and c) thermal ensembles at rotational
temperatures of 50 and 300 K, respectively. The vertical lines indicate
resonances; solid lines correspond to K = J; and dashed lines
correspond to K = J − 1 (other molecular transitions are far off-
resonant).
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