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Observation of Resonant Monopole-Dipole Energy Transfer between Rydberg Atoms
and Polar Molecules
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Resonant energy transfer (RET) between the equal parity 1s65s 3S; and 1s66s S, Rydberg levels in
helium has been observed in low-temperature (~80 mK) collisions with ammonia molecules that undergo

inversion transitions in their X 'A; ground electronic state. This hybrid Rydberg-atom—polar-molecule
resonant energy transfer represents a monopole-dipole energy exchange reaction that necessarily requires
spatial overlap of the Rydberg-electron and molecular wave functions. Calculations that account explicitly
for the charge-dipole interaction between the Rydberg electron and the molecule provide a quantitative
explanation of the observations. Total parity is conserved in the reaction through the mixing of collisional
angular momentum in the atom-molecule complex. This work opens opportunities to expand the toolbox for
quantum science with charge-dipole-mediated energy exchange in hybrid atom—polar-molecule platforms.

DOI: 10.1103/k9d5-1jcc

Resonant energy transfer (RET), the phenomenon by
which an excitation is exchanged between energetically
resonant quantum states, is of widespread interest in
physics, chemistry, and biology [1]. It was first discussed
by Forster [2] in the context of energy migration in dye
polymers. Since pioneering experiments of Cario and Frank
[3], RET has been utilized to explain photosynthesis in
light harvesting complexes [4,5], for imaging at single-
molecule resolution [6], to tune molecular interactions and
suppress chemical reactions [7,8], and to enrich the toolbox
for quantum information processing [9—11].

Forster RET, which relies on the interaction between
electric dipole transition moments [2,12—-14], has been
studied in cold dilute gases with Rydberg-Rydberg
[15-17], Rydberg—polar-molecule [18-22], and molecule-
molecule [23,24] interactions. Beyond dipolar interactions,
RET can also be associated with higher-order multipole
transition moments, as evident, e.g., from observations of
RET due to dipole-quadrupole couplings [25-27]. There is
currently growing interest in RET between Rydberg atoms
and polar ground-state molecules since the hybridization of
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these two platforms for quantum information processing,
through resonant exchange interactions, would allow,
e.g., rotational states in the molecules to be exploited as
long-coherence-time quantum memories with initialization
or readout through the atoms [28,29].

Here, we report the observation of a RET process that
involves a monopole transition in a Rydberg atom and an
electric dipole transition in a polar molecule. The term
“monopole” here refers to an electronic transition between
equal parity Rydberg states, both of which have zero
electron orbital angular momentum, and not to the order
of expansion in the charge distribution. Specifically, this
involves the |65s) <> |66s) transition between equal parity
triplet Rydberg states in He (|ns) = |1sns3S;)), and the
opposite-parity states of the inversion doublet, |£), in
ammonia (NH3) [X 'A;(J = K = 1), where J and K are
the rotational quantum numbers]. The single-photon tran-
sition between these Rydberg states is forbidden by both
electric dipole and quadrupole selection rules. Conse-
quently, RET between these systems must be accompanied
by a change in collisional angular momentum to con-
serve total parity. From the perspective of the composite
system comprising the polar molecule located inside the
Rydberg orbital, the results presented here are analogous to
electric-monopole transitions associated with internal con-
version in atomic nuclei [30,31]. They represent, to our
knowledge, the first observation of RET in a cold neutral
gas that does not rely on interactions at large interparticle
separations.
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FIG. 1. (a) Electron charge distribution in the |65s) orbital in He.

(b) Distance scales associated with the interaction of a Rydberg He
atom and an NH; molecule at which the interaction of the molecule
with the (i) He™ ion core, (ii) Rydberg electron, and (iii) composite
neutral atom dominate. The resonant monopole-dipole energy
transfer reported here is forbidden at large distances (iii, left), but
can occur at intermediate distances because of the charge-dipole
interaction with the Rydberg electron (ii, left).

When a Rydberg atom and a neutral molecule are
far apart, as in Fig. 1(b)(iii), they interact via far-field
electrostatic interactions, either by first order induced or
permanent dipole moments, or second order dispersion
interactions, leading to level shifts, excitation blockade,
and, under appropriate conditions, RET [17,22,24]. When a
polar molecule is near the outer lobe of the Rydberg-
electron charge distribution [compare Figs. 1(a) and (b)(ii)],
charge-dipole interactions dominate. Within the Rydberg
electron orbit, these interactions must be treated in the
near field where the Rydberg atom is no longer a point
charge distribution [32-35]. Finally, when the molecule is
further inside the Rydberg electron charge distribution
[Fig. 1(b)(1)], it interacts predominantly with the ion core,
often leading to barrierless exothermic ion-molecule reac-
tions [36]. This region we simply refer to here as “short
distances.”

We show here that the interaction of a Rydberg electron
with the dipole moment of a polar molecule can mediate
resonant monopole-dipole energy transfer. The theory that
describes this RET also explains how off-resonant energy
transfer between the same pair of molecular states, and the
|65s) <> |64s) transition in He is suppressed. This Letter
demonstrates a new probe of atom-molecule interactions at
mesoscopic scales (on the order of hundreds of nano-
meters), expanding the toolbox for quantum information
processing in hybrid Rydberg-atom—molecule platforms.

The experiments were performed in an intrabeam colli-
sion apparatus with pulsed supersonic beams containing

pure He, or a mixture of NH; and He (1:63 by pressure)
[37]. The He atoms were prepared in the metastable
1s2s 3S; level using a dc electric discharge [38]. After
collimation and the removal of charge particles, the atoms
were excited to [ns) Rydberg states (64 < n < 67) using the
resonance-enhanced two-color two-photon 1s2s3S, —
1s3p3P, — 1sns3S; scheme [39]. With the NH; in the
beam, the molecule number density was (1.5 4+ 0.4) x
109 cm™3 at the Rydberg state photoexcitation position,
and the mean center-of-mass collision speed between the
atoms and the molecules was 19.3+2.6 m/s [20].
Consequently, the relative translational temperature at
which atom-molecule collisions occurred was Ey;,/kg ~
80 mK (Eyi,/h ~ 1.6 GHz or Eg,/hc ~ 0.055 cm™"), with
Ey;, the center-of-mass collision energy.

Following photoexcitation, the cold Rydberg atoms and
the molecules evolved in nominally zero electric field for
up to 12 ps. Then, a slowly-rising electric field pulse was
applied to ionize the Rydberg atoms. In this field, atoms in
states with higher (lower) values of n ionized at earlier
(later) times. Consequently, the arrival time of the ionized
electrons at a microchannel plate detector could be corre-
lated with their ionization field, and the value of n of the
states populated. Stray electric fields in the interaction
region of the apparatus were canceled to < 20 mV/cm by
microwave spectroscopy of the single-color two-photon
|65s) — |63s) transition (see Appendix B).

Resonant monopole-dipole energy transfer—To probe
resonant monopole-dipole energy transfer between the
molecules and atoms, data were recorded with He atoms
prepared in selected |ns) states. In the absence of NHj, this
resulted in the set of separated electric field ionization
features with maxima at fields from ~22.5-19 V/cm
indicated by the thin continuous black curves in Fig. 2(a).
With the molecules present (thick red curves), the normal-
ized ionization profiles obtained following preparation
of the |64s) and |67s) states maintain a similar structure,
but some depletion is observed. This is a result of electric-
dipole-allowed rotational energy transfer to Rydberg states
with values of n > 100 [40], as seen in Fig. 3(a) where a
broader range of ionization fields are spanned. How-
ever, for the |65s) and |66s) states the situation is different.
For atoms in the |65s) state in Fig. 2(a), an appreciable
electron signal is apparent in the region labeled A. This
results from population transfer to the |66s) state. A fit of the
sum of two Gaussian functions (dashed green and dash-
dotted blue curves) constrained by the fits to the pure-He
reference data, yields a transfer rate of 17 = 5% from the
|65s) state to the |66s) state, which are separated by
23.735 GHz. A similar behavior is seen upon preparation
of atoms in the |66s) state, with 16 + 5% population transfer
to the |65s) state.

The data in Fig. 2 demonstrate a resonant transfer
of energy involving the |—) <> |+) electric-dipole-allowed
inversion transition in NH; at 23.695 GHz [41] (these states
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FIG. 2. (a) Electron signals recorded following excitation of He
atoms to selected |ns) Rydberg states in the absence (thin black
curves) and presence (thick red curves) of NH;. The horizontal
axis indicates the electric field in which the Rydberg atoms
ionized. The calculated population transfer for atoms initially
prepared in the |65s) and |66s) states in the presence of NH;
[P(|65s, —) — |66s,+)) ~ 17%] is indicated by the vertical bars.
(b) Difference between the electron signals recorded without and
with NH; present for atoms prepared in the |65s) state, with the
calculated resonant (off-resonant) population transfer to the |66s)
(|64s)) state labeled A (B) [P(|65s,+) — |64s,—)) ~0.12%].
Note: the uncertainty in the calculations is not shown but is
comparable to the uncertainty on the experimental data points.

are equally populated in the supersonic beam), and the
|65s) <> |66s) transition in He. This seemingly violates
parity conservation because it involves a pair of equal parity
Rydberg levels, but molecular states with opposite
parity. Nevertheless, we confirm that the |66s) state is
indeed selectively populated in this process by high-
resolution microwave spectroscopy of atoms that under-
went energy transfer. This was implemented by applying
a 2-ps-duration microwave pulse to probe the atoms using
the single-color two-photon |66s) — |64s) transition at
2 x 24.298 146 GHz, after an interaction time of 5 ps with
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FIG. 3. (a) Broad view of the ionization signals in Fig. 2 for
atoms prepared in the |64s) and |65s) states with (red) and

without (black) NH;. F Kr}l denotes the range of ionization electric
fields of the high-n hydrogenic Rydberg states populated by
electric-dipole-allowed rotational energy (~572 GHz) transfer
from the NH;. (b) Microwave spectra of the single-color two-
photon |66s) — |64s) transition in atoms that underwent RET
from the |65s) state following collisions with NH;. The micro-
wave frequency is displayed with respect to the field-free two-

photon transition frequency of 24.298 146 GHz.

the molecules, while monitoring the [66s) and |64s)
electron signals. The resulting spectra are shown in
Fig. 3(b). Gaussian functions fit to these data (continuous
red curves) indicate that the measured transition frequency
of 24.298 050(41) GHz is —96 + 41 kHz below the field-
free transition frequency. We attribute this shift to a residual
stray electric field of 16.5 + 4.5 mV/cm in the interaction
region of the apparatus. This stray field induces a negligible
(< 0.03%) admixture of |np) character into the |ns) states,
and is therefore not primarily responsible for the observed
energy transfer (see Appendix B). While all previous
observations of RET have been interpreted through inter-
actions occurring between the particles in the far field,
here, the resonant monopole-dipole (Rydberg-atom—polar-
molecule) energy transfer is mediated by near-field inter-
actions of the Rydberg electron with the molecular dipole.

Charge-dipole mediated RET—The anisotropic charge-
dipole interaction potential has the form [32]

Vep(r.R) = —HNH; ¢ gRyd(r’R)’ (1)

where R is the coordinate between the molecule and the
He™ ion core, and

e R R-r
Erya(r,R) = Ay <F - m) (2)
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is the electric field generated by the He™ ion and the
Rydberg electron at position r, and pyy, is the electric
dipole operator coupling opposite parity states in NH;. The
charge-dipole interaction scales as 1/R? and is in fact long-
ranged. However, as shown below, it becomes important at
near-field distances (<400 nm in the case considered here),
when the molecule is located inside the Rydberg-electron
charge distribution. In this situation, for the triplet £ = 0
Rydberg states in He with an energy splitting that is closest
to resonance with the NH; inversion interval, this electron-
molecule interaction is dominated by the monopole term.
This term is nonzero because the corresponding integral
only extends over a restricted range, i.e., 0 < r < R (see
Appendix A and Supplemental Material [42]).

The adiabatic potential curves (adiabats) that connect
to the |65s, —) and |66s, +) states asymptotically are shown
in Fig. 4(a) (continuous curves). When compared to the dia-
batic potentials (dashed curves which neglect off-diagonal
couplings) that cross at R= 110 nm, the charge-dipole
interaction induces a strong level repulsion in the adiabats
between the |65s,—) and |66s,+) states [blue curve in
Fig. 4(b)]. Collisional RET between the two adiabats
occurs nonadiabatically over the interaction region (see
Appendix A).

The transition rate I'(]i) — |f)) for RET between an
initial (final) state [i) =|65s,—) (|f) =66s,+)) is
obtained by considering the product of the NH; number
density, nyy,, and the thermally averaged rate constant

B(li) = I£)) = [(hK/u)op)rycns (K) K, where cyp (K)

T T T
|65s,-) - |66s,+) L
|64s, -) — [65s,+) |
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e
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FIG. 4. (a) Adiabatic (continuous curves) and diabatic (dashed
curves) atom-molecule interaction potentials as a function of
internuclear distance R. The curves corresponding to the |65s, —)
and |66s, +) asymptotic eigenstates are indicated. The hybridi-
zation of the opposite parity molecular states becomes appreci-
able only near the outer turning point of the Rydberg-electron
wave function (R ~ 400 nm) because of the enhanced charge-
dipole interaction. (b) The coupling matrix element between the
|65s,—) and |66s,+) states (continuous dark blue curve), and
|64s,—) and |65s,+) states (continuous light red curve) as a
function of R.

is a Maxwell-Boltzmann distribution of collision momenta.
At collision energies much larger than the transition-state
detuning A, ;, the scattering cross section, treated within the
Born approximation [49], is

2 (3)

T
Oliy—it) = 23 | Ty~
K;
with the transition 7 matrix

16in°u

2ulis
T ~5 g\ 7\ ke

x / (Ven(R)]i) cos [(K; — KRIAR, (4)

where y is the reduced mass and K, = \/2u(E — ¢,)/h?* is

the wave number corresponding to the collision threshold &,),
with v =1, f (see Supplemental Material for further details
[42]). The T-matrix element above implies that the efficacy
of collisional RET is determined by the detuning of K; from
K;. Larger detunings result in more rapidly oscillating
integrands, which suppress the RET cross section.

Considering the experimental conditions, for which the
interaction time of the mixture of Rydberg He atoms
and NH; molecules was At = 12 ps, the calculated prob-
ability P(]65s, —) — |66s,+)) = 1 — T2, that any given
He atom undergoes RET to the |66s) state is found to
be 17 +4%. This is represented by the vertical bars in
Fig. 2(a). The uncertainty on this theoretical quantity
results from propagation of the error in the number density
and collision speed in the experiments. Similarly, we
compute the nonresonant monopole-dipole induced pop-
ulation transfer between the |65s, +) and |64s, —) states to
be P(|65s, +) — [64s,—)) ~ 0.12 + 0.03%.

Despite similar charge-dipole coupling strengths
between the |65s,—) and |66s,+) states, and the
|65s, +) and |64s, —) states [Fig. 4(b)], the latter energy
transfer process is highly suppressed because the
|65s, 4) <> |64s, —) detuning of A;; = 1.166 GHz is more
than an order of magnitude larger than the [65s,—) <>
|66s, +) detuning (A;; = 0.040 GHz). Direct comparison
of these results with the experimental data is seen in
Fig. 2(b). These data represent the difference between
the normalized electric field ionization signals recorded
following preparation of the |65s) state with and without
NH;. The dip observed close to 21 V/cm corresponds to
the depletion of the |65s) population by RET. The enhance-
ment in the signal in the region labeled A, represents the
resonant monopole-dipole energy transfer to the |66s) state
with the observed population transfer in excellent quanti-
tative agreement with the calculations (vertical bar). The
calculated value of P(|65s, +) — |64s,—)) is indicated by
the small black bar labeled B at 22.5 V/cm. The calculated
transfer in this case is below the experimental sensitivity.
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The theoretical treatment therefore corroborates the exper-
imental observation of resonant monopole-dipole energy
transfer. The resonant nature of this process, which is
only seen at n = 65 and 66, shows that the ionization
signals do not arise as a result of short-range He™-ion—
dipole chemistry [36].

Parity conservation—It is notable that the |65s, —) and
|66s,+) pair states both comprise even parity Rydberg
levels, while the inversion sublevels in NH; have opposite
parity. The conservation of the total parity symmetry of the
collision complex must, therefore, be enforced through the
relative mechanical angular momentum [26]. The requisite
coupling between opposite parity collisional partial waves
|L, m;), occurs through the anisotropy of the charge-dipole
interaction, which is proportional to cos g, with 65 the
angle between the molecular dipole and collision coordi-
nate [42]. At the collision energies in the experiments, a
large number of collisional partial waves (L =~ 200) are
involved [42], making it difficult to resolve the partial wave
parity change. However, this may be observed in the future
in differential scattering experiments in the ultracold
regime close to the s-wave limit [7,50,51].

Conclusion—We have observed resonant monopole-
dipole energy transfer between equal parity Rydberg levels
in He, and the ground-state inversion doublet in NH;. This
resonant energy exchange is mediated by the charge-dipole
interaction of the Rydberg electron with the polar molecule,
which leads to the hybridization of the opposite parity
inversion sublevels in NH;. Total parity is conserved by the
admixture of collisional angular momenta of the atom-
molecule complex. The theoretical treatment of the
He(|ns))-NH; encounters, as charge-dipole-mediated scat-
tering events, is in excellent quantitative agreement with the
measured state-to-state population transfer. The theory also
provides insight into the suppression of nonresonant tran-
sition probabilities in such collisions.

Whereas all Forster RET processes identified up to now
could be treated at far-field distances, we expect the reso-
nant monopole-dipole energy transfer observed here to
be a universal feature of charge-dipole interacting quantum
systems in the near field. It is not restricted to He Rydberg
atoms and NH; molecules, nor does it necessarily rely on
the coupling to the molecule nuclear motion degree of
freedom exploited here. We envision that it could be
observed in ultracold gases, expanding the range of tunable
interactions available in hybrid atom-molecule platforms.
Zeeman shifts of the Rydberg levels may be exploited to
allow selected monopole transitions to be fined-tuned into
resonance with an electric-dipole transition of the interact-
ing partner without inducing longer-range interactions.
Such control over the resonance condition presents reso-
nant monopole-dipole energy transfer as a powerful tool for
spin-motion coupled quantum applications [11,52-55].

The association of Rydberg atoms and polar molecules
into giant polyatomic Rydberg molecules [33,56,57] might

also allow for continuous coherent oscillations between
resonant Rydberg and molecular states, without the need
for external confinement. Moreover, recent advances in
optical tweezer techniques to control and trap neutral atoms
and molecules [58—64] may permit on-demand access to
monopole-dipole blockade [65,66] or antiblockade [67,68]
physics for quantum simulation and computing.
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End Matter
Appendix A: Charge-dipole mediated resonant H=Hy+ Vcp(r,R)
monopole-dipole transition—The resonant monopole- p2
dipole energy transfer reported here has, to our = Hy + Hyp, + 5+ Vep(r,R), (A1)
knowledge, not been previously described, warranting P 2u

further discussion. With a more comprehensive model
provided in Supplementary Material [42], we present an
effective two-channel model in this appendix to
elucidate the core physics of the RET process. During a
two-body collision, the Hamiltonian in the center of
mass frame of the collision complex is

where P is the relative momentum of the He atom and
the NH; molecule, and u = myemyy,/(mye + myy,) is
the reduced mass of the collision partners. In the
combined atom-molecule Hilbert space, it is most
natural to employ the basis in which the noninteracting
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Hamiltonian (Hy, + Hyp,)|[n¢m,)|I1) = Ef{ " |n€m,)|1),

‘ . . .
where E™, the sum of corresponding noninteracting

He and NH; energies is diagonal, to construct a matrix
representation of Vep(R). In doing so, we ignore the
molecular rotational structure by virtue of an adiabatic
approximation (see [42] and references therein for
further details).

In this situation, because all other states are energetically
much further detuned compared to their splitting, we adopt
a minimal model by truncating our basis set to just the
following two states:

) = 165s,-),

|1) = 166s, +).

(A2a)
(A2b)

The resulting interaction matrix is given by

(Ve (®))  {([Vep(R)|T)
(MVeo®))  (T[Vep(R)|1)

with matrix elements

Veol®) = ( )@

(IV[(n's|Vep (R) ns)[TT)

e(IT ) (R

o — £ i, [11) ";“;Hs” ) A IRy (r)Ryu(r) cos O, (A4)
as shown in Fig. 4, where 0 = cos‘l(ﬁNH3 f() is the
angle between the molecular dipole and collision axis,
and R,4(r) are the Rydberg state radial wave functions.
Importantly, while the radial wave functions are orthogonal
over the entire radial domain [° R,x(r)R,.(r)r*dr =
8, 204 ¢, the overlap for |n's) and |ns) states is generally
nonzero over a finite region of » < R. This point makes
clear the necessity for the molecule to enter the Rydberg
electron charge distribution for resonant monopole-dipole
energy transfer to occur. Under these conditions, for the
triplet £ = 0 Rydberg states in He with an energy splitting
that is close to resonance with the NH; inversion interval,
the monopole term in the expansion, for which r < R,
dominates. When integrated over this finite range, up to the
position of the molecule, this term is nonzero.

Finally, regarding the scattering process, we can further
expand the collisional angular momentum in partial waves
IL.mp),

(L', m [(IV|[(n's|Vep (R)[ns)[IT) L, my )
~ —‘e<H ||/;I\2IH2||H> AR rzdar’s(r)Rns(r)
x (=1)"\/(2L" + 1)(2L + 1)

< L 1 L ) (L' 1 L)
X )
-m; 0 myg 0 0 0

(AS)

where the 2 x 3 arrays denote Wigner 3-j symbols. This
expansion makes it clear, through the selection rule
L' =L + 1, that a collision must induce a single-quanta
change of collisional angular momentum for each partial
wave, changing its parity along with the parity of the NH;
inversion sublevel. The total parity of the collision complex
therefore remains conserved during the resonant monopole-
dipole energy transfer process.

Appendix B: Experimental details—The conditions
under which the experiments were performed, were
similar to those employed previously to study resonant
dipole-dipole interactions between Rydberg He atoms
and NH; in Refs. [20,37]. In the present experiments,
the region in which the atoms were laser photoexcited to
Rydberg states, interacted with the molecules, and were
detected by state-selective electric field ionization was
located between two parallel copper electrodes separated
by 1.43 cm.

To measure and minimize stray electric fields in the region
between these electrodes, microwave spectra of the single-
color two-photon |65s) — |63s) transition were recorded
with a pure beam of He. In this process, 2-ps-duration pulses
of microwave radiation were applied 1, 3, or 5 ps after
Rydberg state photoexcitation, before detection by electric
field ionization. These spectra were recorded with a range of
offset potentials applied to one of the copper electrodes. The
offset potential required to minimize the Stark shift of the
transition was determined from these measurements, and
then applied to compensate the stray field. For the pure beam
of He atoms, the residual Stark shift of the |65s) — |63s)
transition under these conditions indicated that the remaining
uncancelled stray electric field was ~13 mV/cm.

In the measurements presented in Fig. 3, to state-
selectively probe atoms in the |66s) state that had under-
gone resonant energy transfer in a collision with an NHj
molecule, the slightly larger residual stray electric field of
16.5 +4.5 mV/cm was determined with the molecules
present in the beam. This stray field mixes < 0.03% of |np)
character into the |ns) states in He for n = 65. Since, for
example, the single-photon |65s) — |66p) and |65p) —
|66s) transitions have electric dipole transition moments of
115 eaq (295 D) and 1655¢e a, (4205 D), respectively, the
dominant contribution to an electric dipole transition
moment between the #-mixed |65s’) and |66s’) states in
a weak stray electric field results from the |65p) amplitude
of v/0.0003 = 0.017 in the lower state. This yields an
electric dipole moment for the single-photon [65s') —
|66s’) transition in a 16.5 mV/cm electric field of
~30eaq (75 D).

From the work reported in Ref. [20], we determined that
an electric dipole transition moment of 1285¢ a, (3265 D)
resulted in ~10% population transfer from the 40s state to
the 40p state as a result of the resonant dipole-dipole
interaction with the NH; molecules. In the work reported
here on resonant monopole-dipole energy transfer, at
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similar collision speeds and for comparable molecule  experiments are < 2.5% of those encountered in the studies
number densities, we observe ~17% population transfer.  of resonant dipole-dipole interactions at lower values of n,
Because the electric dipole transition moments induced by  they cannot be primarily responsible for the energy transfer
¢ mixing in the weak residual stray electric field in the  observed here.
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