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Probing van der Waals interactions and detecting polar molecules by Förster-resonance energy
transfer with Rydberg atoms at temperatures below 100 mK
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Electric-field-controlled Förster-resonance energy transfer (FRET) between Rydberg helium (He) atoms
and ground-state ammonia (NH3) molecules has been studied at translational temperatures below 100 mK.
The experiments were performed in an intrabeam collision apparatus with pulsed supersonic beams of NH3

seeded in He. A range of Förster resonances, between triplet Rydberg states in He with principal quantum
numbers of 38, 39, and 40, and the inversion intervals in NH3 were investigated. Resonance widths as low
as 100 ± 20 MHz were observed for Rydberg-Rydberg transitions with electric dipole transition moments of
3270 D. These widths result from binary collisions at a mean center-of-mass speed of 19.3 ± 2.6 m/s. For
transitions in which the initially prepared Rydberg states were strongly polarized, with large induced static
electric dipole moments, van der Waals interactions between the collision partners increased the resonance
widths to ∼750 MHz. From measurements of the rate of FRET for the narrowest resonances observed, a density
of NH3 of (9.4 ± 0.3) × 109 cm−3 in the upper ground-state inversion sublevel in the interaction region of the
apparatus was determined nondestructively.

DOI: 10.1103/PhysRevA.106.043111

I. INTRODUCTION

Investigations of gas-phase chemical dynamics with neu-
tral atoms and molecules at low collision energies, Ekin, or
temperatures, i.e., Ekin/kB � 1 K, offer opportunities to study
the effects of de Broglie wave interference [1], scattering
resonances [2], correlated excitations [3], stereodynamics [4],
and long-range interactions [5] in exquisite detail and with
extreme quantum state selectivity. At these low temperatures,
van der Waals interactions can play an important role at long
range. These include the 1/R3 “dipole-dipole” interaction,
and the 1/R6 “dispersion” interaction [6]. For systems with
allowed electric dipole transitions at similar frequencies, res-
onant dipole-dipole interactions can also occur and give rise
to Förster-resonance energy transfer (FRET) [7–9].

The dipole-dipole interaction energy Vdd between particles
A and B can be expressed as [10]

Vdd( �R) = 1

4πε0

[
μAμB

R3
− 3

(�μA · �R)(�μB · �R)

R5

]
, (1)

where μA = |�μA| (μB = |�μB|) is the electric dipole mo-
ment of particle A (B), R = | �R| is the interparticle distance,
and ε0 is the vacuum permittivity. For the 1/R3 van der
Waals interaction, the dipole moment �μA (�μB) is the in-
duced static electric dipole moment of particle A (B),
i.e., �μ static

A (B) = −dWStark, A (B)/dF , the derivative of the Stark
shift, where WStark,A (B) is the Stark energy and F is the
electric-field strength [11]. For the resonant dipole-dipole in-
teraction associated with FRET, the dipole moments �μ trans

A (B) =
〈fA (B)|er̂|iA (B)〉, are the electric dipole transition moments
between initial and final states, |iA (B)〉 and |fA (B)〉 in particle
A (B), respectively.

These dipole-dipole interactions play important roles, e.g.,
in intramolecular Coulombic decay [12,13], energy transfer in
light harvesting complexes [14], and quantum simulation [15].
If one of the interacting particles is in a Rydberg state with a
high principal quantum number n, these interactions can be
particularly pronounced. This is because the static electric
dipole moments of, and electric dipole transition moments
between, pairs of Rydberg states scale with n2, and for n �
30 are �1000 D [16]. Dipole-dipole interactions between
polar ground-state molecules, and atoms or molecules in Ry-
dberg states are central to the investigation of dipole-bound
states [17], and studies of how long-range interactions can be
exploited to regulate access to shorter-range chemistry [18].
They also have applications in coherent control [19], sympa-
thetic cooling [20,21], and nondestructive detection [22].

Early investigations of FRET in collisions of Rydberg
atoms with polar ground-state molecules were performed with
room-temperature gases [23–30]. Recently, studies of the ef-
fects of electric fields on FRET between Rydberg He atoms
and ground-state NH3 were extended to collision energies
Ekin/kB < 1 K using an intrabeam collision apparatus [5]. The
work reported here builds on these pioneering experiments
by using FRET as a tool to probe van der Waals interactions
between the atoms and the molecules, and to nondestructively
determine molecule number densities at translational temper-
atures <100 mK.

II. EXPERIMENT

The experiments were performed in an intrabeam col-
lision apparatus [5,31]. This is depicted schematically in
Fig. 1(a). A supersonic beam of NH3 seeded in He (1:99 by
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FIG. 1. (a) Schematic diagram of the experimental apparatus.
Energy-level diagram of (b) the ground-state inversion interval in
NH3, and (c) triplet Rydberg states in He. The Stark map in (c) con-
tains sublevels for which m� = 0 and 1 (continuous and dashed blue
curves, respectively). The red dashed curve represents the energy of
the |40s〉 state offset by νNH3 .

pressure), was generated using a pulsed valve. An electric
discharge at the exit of the valve populated the metastable
1s2s 3S1 level in He [32]. After passing through a skimmer
and charged particle filter, the beam entered between two
parallel electrodes, E1 and E2. There, Rydberg-state pho-
toexcitation occurred at time tex [inset in Fig. 1(a)] using
copropagating cw laser beams at wavelengths of 388.975 nm,
and between 789.333 and 788.861 nm to drive each step of
the 1s2s 3S1 → 1s3p 3P2 → 1sns 3S1 two-photon excitation
scheme, respectively [33]. Pulsed potentials with amplitude
Vint and duration Tint were applied to E2 after photoexcita-
tion to generate electric fields of up to 8 V/cm and induce
Stark shifts of transitions between the Rydberg states. At time
tion � 12 μs, quantum-state-selective detection of the Ryd-
berg atoms was performed by pulsed electric-field ionization.
Ionized electrons were accelerated through an aperture in E2
and collected at a microchannel plate (MCP) detector.

NH3 in the X 1A1 ground electronic state, and He in triplet
Rydberg states are well suited to studies of FRET from nu-
clear to electronic degrees of freedom. In the J = K = 1
rotational state (J and K are the rotational quantum number,
and the projection of the rotational angular momentum vec-
tor onto the symmetry axis of the molecule, respectively),
with vibrational quantum number v = 0, the symmetric,
|J = 1, K = 1,+〉, and antisymmetric, |1, 1,−〉, inversion
sublevels in NH3 are separated by νNH3 = 23.696 GHz

(a)

(c)

(b)

FIG. 2. (a) |40p〉-electron signal recorded after initial popula-
tion of the |40s〉 state and Tint = 2 μs (red points). The continuous
blue curve represents a Gaussian function with a FWHM of 100 ±
20 MHz fit to the experimental data in the frequency domain.
(b) Depletion of the |40s〉-electron signal for Tint = 1, 3, and 5 μs.
(c) Dependence of the depletion of the |40s〉-electron signal on
resonance (red points) on the value of Tint . The slope of the line fit
to the full set of data in (c) yields a depletion rate of �dep, |40s〉 =
21.5 ± 0.7 kHz.

[Fig. 1(b)]. The electric dipole moment of the molecule
in these states is μNH3 = 1.47 D. In zero field, the inter-
val between the 1s40s 3S1 (|40s〉; quantum defect δ40s =
0.296 681) and 1s40p 3PJ (|40p〉; δ40p = 0.068 349) levels in
He is ν40s,40p = 23.794 GHz [Fig. 2(c)] [34], and the |40s〉 →
|40p〉 �m� = 1 electric dipole transition moment is μtrans

40p,40s =
3300 D (m� is the azimuthal quantum number). These Ry-
dberg states exhibit quadratic Stark shifts in weak electric
fields. The static electric dipole polarizability of the |40s〉
(|40p〉) state with m� = 0 (m� = 1) is 217 MHz/(V/cm)2

[531 MHz/(V/cm)2]. Consequently, the |40s〉 → |40p〉 tran-
sition shifts to a lower wave number as the electric-field
strength increases, and is resonant with νNH3 in a field of 0.78
V/cm. This is seen by comparing the energy of the |40p〉 state
with m� = 1 in Fig. 1(c) with the dashed red curve offset from
the |40s〉 state by νNH3 . At this Förster resonance, the elec-
tric dipole moment associated with the �m� = 1 transition
between the �-mixed |40s′〉 and |40p′〉 states is μtrans

40p′,40s′ =
3270 D. The 1s40p 3PJ fine structure in He is ∼3.2 MHz [35],
and the Stark shifts of the |1, 1,±〉 states in NH3 are <500 Hz
in electric fields up to 10 V/cm—these effects are neglected
in the analysis of the current experiments.

III. RESULTS

A. Collision speed and molecule number density

The electric-field dependence of the FRET process for He
atoms prepared in the |40s〉 state that underwent collisions
with NH3 in the |1, 1,+〉 state is shown in Fig. 2. When
recording the data in Fig. 2(a), the |40p〉 signal was monitored
as Vint was adjusted for Tint = 2 μs. In this spectrum, resonant
population transfer to the |40p〉 state occurs in a field close
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to 0.78 V/cm. The full width at half maximum (FWHM) of
the resonance was determined by transforming from the elec-
tric field to the frequency domain using the calculated Stark
shifts of the Rydberg states, and fitting a Gaussian function
(continuous blue curve). In this process only the amplitude
and FWHM of the Gaussian were free fit parameters. The
resonance frequency was set to νNH3 . The resulting FWHM
resonance width was 100 ± 20 MHz.

FRET widths for binary interactions in the gas phase can
be interpreted by considering a mean center-of-mass collision
speed v, and an impact parameter b [36]. For the average res-
onant dipole-dipole interaction energy between a He Rydberg
atom and a randomly oriented NH3 molecule, the collision-
time-limited resonance width is [29,36]

�int = �EFWHM

h
� v

b
=

√
4πε0v

3h

μHe μNH3

, (2)

where h is Planck’s constant. Since the data in Fig. 2(a) were
recorded for the isolated |40s′〉 → |40p′〉 transition, the value
of v could be determined from the measured FWHM using
this expression to be 19.3 ± 2.6 m/s. This corresponds to
a mean center-of-mass collision energy of Ekin/kB = 73 ±
20 mK. The assumption in this analysis, that the width of
the resonance in Fig. 2(a) is solely a result of the finite atom-
molecule collision time, means that this collision speed and
collision energy represent upper bounds on those in the exper-
iments. From previous intrabeam collision studies in pulsed
supersonic beams [31], we estimate this collision speed of
19.3 m/s is at most an overestimate of the true value by a
factor of ∼2.

The rate of population transfer by FRET in the experiments
was determined by monitoring the depletion of the population
of the |40s〉 state on the |40s′〉 → |40p′〉 resonance, for a
range of values of Tint [see Fig. 2(b)]. From these data, the
fractional depletion [red points in Fig. 2(c)] was obtained,
and depends linearly on Tint. The slope of the line fit to these
data yields a depletion rate of �dep, |40s〉 = 21.5 ± 0.7 kHz.
Considering only pseudo-first-order kinetics, the reaction rate
�FRET = v σFRET NNH3 , where σFRET and NNH3 are the FRET
cross section and the number density of NH3 in the up-
per inversion sublevel, respectively. Since σFRET = π b2 =
μHe μNH3/(4ε0vh) [36], NNH3 was determined from �dep, |40s〉
to be (9.4 ± 0.3) × 109 cm−3. The linearity of the data across
the full range of interaction times in Fig. 2(c) indicates that
the assumption of pseudo-first-order kinetics is reasonable.
However, we note that if only measurements up to Tint = 2 μs
were considered, the density determined would increase by
15%.

B. Resonances in stronger electric fields

Additional Förster resonances were studied in larger elec-
tric fields, and for different values of n. To allow transitions
to several Rydberg states that ionized in different electric
fields to be probed, the depletion of the |ns〉 state population
was monitored to identify each resonance. The corresponding
data, recorded for Tint = 11.5 μs, are presented in Fig. 3. At
n = 40, transitions from the |40s′〉 state to seven �-mixed
Stark states were tuned through resonance with νNH3 in fields
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FIG. 3. FRET monitored by depletion of the population of |ns〉
Rydberg states for (a) n = 38, (b) n = 39, and (c) n = 40. For
all measurements Tint = 11.5 μs. The continuous red curve in each
panel represents the result of a least-squares fit performed in the
frequency domain (see text for details).

between 2.5 and 6 V/cm. A similar set of resonances are seen
in Fig. 3(b) for n = 39. In this case the first strong feature, the
|39s′〉 → |39p′〉 transition, occurs in a field of ∼3.5 V/cm. In
this spectrum, an onset of depletion of the |39s〉 signal is also
seen in fields below 0.5 V/cm. This is attributed to FRET from
the rotational degrees of freedom in NH3 to higher n Rydberg
states in He. Although this process affects the background
signal level in higher fields, it does not significantly affect the
individual resonances of interest here. In Fig. 3(c) a similar
onset in the depletion of the |38s〉 population occurs in fields
up to ∼0.5 V/cm. In this case the resonances associated with
inversion transitions in NH3 are seen in fields between 5 and
7.5 V/cm.

The widths of the resonances in Fig. 3 were determined
by fitting Gaussian functions (continuous red curves) in the
frequency domain. For each resonance, the individual field-to-
frequency transformation was calculated from the Stark shifts
of the Rydberg states. To minimize any impact of rotational
energy transfer, in electric fields >0.5 V/cm in Figs. 3(b)
and 3(c), on the analysis, only the parts of each spectrum
surrounding the resonances of interest, and encompassed by
the fit functions, were considered in the fitting process.

The measured resonance fields in Fig. 3 are all in ex-
cellent quantitive agreement with those expected from the
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FIG. 4. (a) Measured FRET resonance widths displayed with re-
spect to the calculated electric dipole moments of the corresponding
transitions in He. (b) Resonance widths calculated by considering ef-
fects of van der Waals interactions between the atoms and molecules
undergoing FRET, �vdW (solid points), and stray time-varying elec-
tric fields, �Stark (open points). Calculated widths �int for v = 20 m/s
are displayed as the dashed blue curves in (a) and (b). (c) The
correlation between the measured resonance widths and (i) �vdW, and
(ii) �Stark.

calculated Stark structure of the Rydberg states. The reso-
nance FWHMs range from 160 to 750 MHz. The relationship
between these and the calculated electric dipole moments
for the transitions between the Rydberg states, is shown in
Fig. 4(a). The resonance widths calculated using Eq. (2) for
v = 20 m/s are indicated in this figure by the dashed blue
curve. These widths are similar to those observed in the
experiments for the resonances with the smallest (∼500 D)
and largest (∼3300 D) values of μtrans

He . However, between
these extrema, there are significant deviations from the mea-
surements. These discrepancies are attributed to effects of
static dipole-dipole interactions between the atoms and the
molecules as they undergo FRET.

The induced static electric dipole moments of He atoms
in |ns′〉 Rydberg states μstatic

ns′ range from 340 D in the field
of 0.78 V/cm associated with the |40s′〉 → |40p′〉 Förster
resonance, to 2175 D in a field of ∼5.3 V/cm. The static
dipole-dipole interaction between these and the polar NH3

molecules can broaden the measured resonances. If the angle-
average static dipole-dipole interaction energy is considered
to represent the standard deviation svdW of a Gaussian func-
tion, i.e.,

svdW = μstatic
ns′ μNH3

4πε0 R3
static

, (3)

where Rstatic is the typical atom-molecule distance, the result-
ing FWHM resonance width can be expressed in general as

�vdW = �E static
dd

hc
� svdW 2

√
2 log 2. (4)

For the FRET processes considered here, with impact param-
eters b between 100 and 200 nm, Rstatic may be considered
to be approximately equal to 〈rns〉 � 1.5 n2 a0, the radius of
the Rydberg electron charge distribution (〈r38s〉 = 115 nm,
〈r39s〉 = 121 nm, and 〈r40s〉 = 127 nm). The van der Waals
widths �vdW calculated for these values of Rstatic are displayed
as the solid points in Fig. 4(b) and follow the general trend
exhibited by the experimental data in Fig. 4(a).

Contributions from Stark shifts caused by stray static or
time-varying electric fields were identified by recording mi-
crowave spectra of Rydberg-Rydberg transitions at a range of
times within the interaction electric-field pulses. From these
spectra (not shown), the maximal temporal variation in field
strength within the time Tint was ±1.7%. These fluctuations
originate from imperfect impedance matching, and dominate
over spectral broadenings arising from the presence of ions
or electrons. Calculated resonance widths �Stark that reflect
the Stark shift of each transition in these time-varying electric
fields are displayed as the open points in Fig. 4(b). These
calculated resonance widths do not follow the trend exhibited
by the experimental data, and are all smaller than the experi-
mentally recorded FRET widths. The largest calculated value
of �Stark is 325 MHz.

To validate the interpretation of the data in Fig. 4(a), the
correlation of �vdW and �Stark, with the measured widths are
presented in Figs. 4(c)(i) and 4(c)(ii), respectively. In the case
of �vdW, the line fit to the data has a slope of 0.90 ± 0.06,
indicating a strong direct correlation between the calculated
widths and the results of the measurements. The R2 value,
describing the correlation of these data with the fit, is 0.47,
and indicates that the data are reasonably well described by
this linear fit function. In contrast, for �Stark the slope of the
line fit to the data is 1.78 ± 0.12 and R2 = −0.72. There-
fore, irrespective of the amplitude of the stray time-varying
electric fields, there is not a strong correlation between the
measured widths and the Stark shifts of the Rydberg-Rydberg
transitions.

IV. CONCLUSION

The results of the experiments reported here have per-
mitted a detailed study of resonance widths in electric-
field-controlled Förster-resonance energy transfer between
Rydberg atoms and polar state state molecules at low transla-
tional temperatures. These low temperatures were facilitated,
in particular by the reduction of the concentration of the
NH3 seed gas in the pulsed supersonic beams used in
the experiments, which reduced the velocity slip between
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the components in the beams. In this setting the FRET
process has been exploited to determine in situ, the mean
atom-molecule collision speed, and the molecule number
density.

The correlation of the measured resonance widths in
Fig. 4(a) with the spectral broadenings expected from
static dipole-dipole interactions between the atoms and the
molecules as they undergo FRET leads to the following con-
clusions: (1) In weak electric fields, because the initial |ns′〉
states are not strongly polarized, the FRET resonance widths
are dominated by the atom-molecule interaction time, i.e., the
center-of-mass collision speed. (2) In stronger fields, when the
|ns′〉 states are more strongly polarized, the resonances are
broadened and the widths are dominated by van der Waals
interactions. These observations represent essential input for

future studies of dipole-bound states of Rydberg atoms and
polar ground-state molecules, and for the implementation of
proposed schemes for coherent control, cooling, and sens-
ing in this hybrid system [19–22]. Investigations of effects
of higher-order multipole interactions [37], and Rydberg-
electron scattering from NH3 [38,39] will be valuable in
achieving a more nuanced interpretation of the data.
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