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Matter-wave interferometry with helium atoms in low-l Rydberg states
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Electric Rydberg-atom interferometry has been performed with helium atoms in coherent superpositions of
the 1s56s 3S1 and 1s57s 3S1 Rydberg levels. The experiments were carried out in a longitudinal geometry with
the atoms traveling at 2000 m/s in pulsed supersonic beams. After laser photoexcitation from the 1s2s 3S1

metastable level, coherent manipulation of the population of the Rydberg states was achieved using sequences
of microwave pulses. The difference in the static electric dipole polarizabilities of the 1s56s 3S1 and 1s57s 3S1

levels allowed superpositions of external momentum states to be generated when inhomogeneous electric fields
were used to exerted forces on the atoms prepared in superpositions of these internal states. Interference fringes,
with contributions arising from the spatial separation of these Rydberg-atom wave packets in the direction
of propagation of the atomic beam, were identified through changes in the internal-state populations as the
magnitudes and durations of the time-dependent electric-field gradient pulses were adjusted. The maximal
displacement of the atomic wave packets for which interference fringes were observed was ∼0.75 nm, limited by
the longitudinal velocity spread in the atomic beam and the characteristics of the inhomogeneous electric-field
distribution in the apparatus. The experimental data are in good quantitative agreement with the results of
numerical calculations of the time evolution of the atomic states under the experimental conditions.

DOI: 10.1103/PhysRevA.104.033305

I. INTRODUCTION

Rydberg states of atoms and molecules can exhibit large
static electric dipole moments and large static electric dipole
polarizabilities [1]. These make samples in such states partic-
ularly sensitive to electric fields [2–5] and allow forces to be
exerted on them to control their motion using inhomogeneous
electric fields [6,7]. This has given rise to the development
of the methods of Rydberg-Stark deceleration to accelerate,
decelerate, and trap cold Rydberg atoms and molecules [8,9].

For atoms or molecules prepared in coherent superposi-
tions of Rydberg states with different static electric dipole
moments or different static electric dipole polarizabilities,
the methods of Rydberg-Stark deceleration can be exploited
to generate coherent superpositions of momentum states for
matter-wave interferometry [10,11]. This type of electric
Rydberg-atom interferometry was first demonstrated with
atoms in circular Rydberg states. These states have long flu-
orescence lifetimes, and pairs of circular states that differ in
their value of the principal quantum number n by one act as
quasi-two-level systems with long coherence times and strong
single-photon electric dipole transitions at microwave fre-
quencies. However, the nonadiabatic evolution of these states
in the fast-pulsed electric fields applied for interferometry
imposed limitations on the achievable displacements of the
Rydberg-atom wave packets for which interference fringes
could be observed.

Here we report the results of experiments in which the
limitations arising from nonadiabatic internal-state dynam-
ics when working with circular Rydberg states have been
circumvented through the use of low-� (� is the orbital an-

gular momentum quantum number of the Rydberg electron)
states. This has allowed the observation of interference fringes
between Rydberg-atom wave packets with displacements of
up to 0.75 nm, i.e., ∼5 times larger than in previous exper-
iments with circular Rydberg states. The dimensions of the
atoms employed in this work, as given by the spatial extent of
the Rydberg electron charge distribution, were ∼500 nm, and
they exhibited induced electric dipole moments of up to 9450
D. These large dimensions and electric dipole moments offer
unique opportunities for tests of quantum mechanics using
this approach to atom interferometry, through studies of de-
coherence and wave-function collapse. They are also suited to
probing quantum-mechanical phases including, e.g., Kennard
phases [12,13], and geometric phases associated with moving
dipoles in electric and magnetic fields [14–16]. Matter-wave
interferometry with atoms in high Rydberg states opens pos-
sibilities for studies of the role of coherence or decoherence
in gas-phase chemical reactions at low temperatures, e.g., in
resonant energy transfer reactions that occur in collisions of
Rydberg atoms with polar ground-state molecules [17–19].
The use of electric Rydberg-atom interferometry for measure-
ments of acceleration in the gravitational field of Earth is of
interest in tests of the weak equivalence principle for neu-
tral particles containing antimatter [20], in particular, those
involving positronium.

Electric Rydberg-atom interferometry is an electric ana-
log of magnetic Stern-Gerlach interferometry employed in
experiments with ground-state atoms [21–23]. Recent ad-
vances in Stern-Gerlach interferometry with laser cooled
rubidium atoms led to the demonstration of coherent
momentum splitting and, subsequently, a complete Stern-
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FIG. 1. (a) Schematic of the experimental apparatus. (b) Se-
quence of microwave and voltage pulses applied to perform electric
Rydberg-atom interferometry (see the text for details).

Gerlach interferometer in the inhomogeneous magnetic fields
generated close to the surfaces of atom chips [24,25]. And the
realization of full-loop interferometers in which the phase dif-
ference �φ between the interferometer arms depends strongly
on the period of time T over which the interferometry scheme
is implemented, i.e., �φ ∝ T 3 [26,27]. This strong depen-
dence of �φ on T is appealing for applications in quantum
sensing.

In the following, the apparatus used in the experiments
is outlined in Sec. II. The numerical methods employed to
calculate the time evolution of the atomic states in the inter-
ferometer are then described in Sec. III. The results of the
experiments are presented and discussed in Sec. IV where
they are also compared with the results of the numerical
calculations performed to aid in their interpretation. Finally,
in Sec. V conclusions are drawn.

II. EXPERIMENTAL APPARATUS AND PROCEDURE

A schematic of the experimental apparatus is shown in
Fig. 1(a). A pulsed supersonic beam of helium atoms in the
metastable 1s2s 3S1 level was generated in a dc electric dis-
charge at the exit of a pulsed valve [28]. The mean velocity
of the atoms in this beam was �v0 ≈ (0, 0, 2000) m/s, and the
pulsed valve was operated at a repetition rate of 50 Hz. After
the atoms passed through a skimmer with a 2-mm-diameter
aperture, charged particles generated in the discharge were
removed in an electrostatic filter. The resulting neutral-atom

beam then entered the excitation and interferometry region
between a pair of copper electrodes labeled E1 and E2 in
Fig. 1(a). These electrodes were 70-mm wide and 105-mm
long in the x and z dimensions, respectively, and were ori-
ented in a wedge configuration. At the end closest to (furthest
from) the skimmer they were separated in the y dimension by
11.5 mm (29.7 mm). Between E1 and E2 laser photoexcitation
to the 1s56s 3S1 (|56s〉) Rydberg level was performed using
the 1s2s 3S1 → 1s3p 3P2 → 1s56s 3S1 two-color two-photon
excitation scheme [5]. This was driven by co-propagating cw
laser radiation at wavelengths of λUV = 388.975 and λIR =
786.736 nm for each step, respectively.

After photoexcitation the Rydberg atoms were subjected
to a π/2 − π − π/2 Hahn-echo sequence of microwave
pulses which coherently transferred population between the
|56s〉 and 1s57s 3S1 (|57s〉) levels. The |56s〉 → |57s〉 tran-
sition was driven on resonance as a single-color two-photon
transition at a microwave frequency of ω56s, 57s/2 = 2π ×
18.530 975 GHz. In the time intervals between the microwave
pulses, pulsed voltages were applied to E1 to generate inho-
mogenous electric fields at the position of the atoms and exert
state-dependent forces on them.

The sequence of microwave and voltage pulses employed
in the experiments is depicted in Fig. 1(b). At time t0 a pulsed
potential was applied to E2 to tune the transition the |56s〉
level into resonance with the laser beams which were stabi-
lized off-resonance form the field-free transition frequency.
This pulsed potential had a rise time of τe = 370 ns and was
maintained at its maximal amplitude for a time Te. The value
of Te determined the spatial extent of the ensemble of Rydberg
atoms excited in the z dimension. Te was set to either 800 or
1800 ns such that the excited ensemble had a length in the z
dimension of LRy = v0 Te � 1.6 or �3.6 mm, respectively.

To configure the apparatus in Fig. 1(a) for electric
Rydberg-atom interferometry, microwave spectra of the
two-photon |56s〉 → |57s〉 transition were first recorded to
measure and minimize the average stray electric field in the
y dimension between E1 and E2 on the axis of propagation
of the atomic beam. This was achieved by adjusting the offset
potential applied to E2, with the potential applied to E1 set to
Vgrad = 0 V.

To implement the interferometry scheme, at the time td �
t0 + 2400 ns, a first π/2 pulse of microwave radiation was
applied for Tπ/2 � 150 ns. This resulted in the preparation
of an equal superposition of the |56s〉 and |57s〉 states. A
first electric-field gradient pulse was then generated at the
position of the atoms by applying a pulsed potential with
amplitude Vgrad to E1. This pulse had rise and fall times of
τg = 130 ns, and a duration Tg [see Fig. 1(b)]. After Vgrad

returned to 0 V, the π pulse in the Hahn-echo sequence
was applied at the time tπ = td + Tπ/2 + 5000 ns. This pulse
had a duration Tπ � 2Tπ/2 and was followed by a second
electric-field gradient pulse with nominally identical values
of Vgrad, τg, and Tg to the first. From measurements made
in the apparatus with a high impedance probe, differences in
the amplitudes of the two pulsed potentials on the order of
±1% were observed. These amplitude differences increased
with the value of |Vgrad|. A final π/2 pulse was applied
1000 ns after the π pulse to complete the interferometry
sequence.
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The durations of the microwave pulses required to achieve
π/2 and π rotations of the population between the |56s〉
and the |57s〉 states were determined by time-domain mea-
surements of Rabi oscillations. For a complete 8.975-μs-long
pulse sequence, extending from the time of laser photoexci-
tation to the final π/2 pulse, these coherent rotations on the
Bloch sphere were applied at times t0 + 2460, t0 + 7620, and
t0 + 8840 ns. To achieve a π/2 rotation at the position of the
atoms at the first of these times, a microwave pulse duration
of 160 ns was required. The subsequent π and π/2 rotations
required pulses of 210 and 135 ns duration, respectively. The
deviation of the ratios of these pulses from those expected
under ideal conditions arose because of the inhomogeneity of
the microwave field between E1 and E2 [11].

After the application of the final π/2 microwave pulse,
the atoms traveled for ∼60 μs to the detection region in the
apparatus between E3 and E4. A slowly rising pulsed poten-
tial was then applied to E3, with E4 was maintained at 0 V
to generate a time-dependent electric field that ionized the
Rydberg atoms. The resulting electrons were collected on a
microchannel plate (MCP) detector. Because of the time de-
pendence of the ionization field, the electron signal associated
with the |57s〉 state arrived at the MCP earlier than that from
the |56s〉 state [29]. Quantum-state-selective measurements
of the Rydberg state populations were, therefore, made by
monitoring the arrival times of the electrons at the MCP.

III. THEORETICAL BACKGROUND

In the approach to electric Rydberg-atom interferometry
described here, quantum-state-dependent forces were exerted
on atoms prepared in coherent superpositions of Rydberg
states with different electric dipole polarizabilities using in-
homogeneous electric fields. This resulted in the generation
of coherent superpositions of momentum states. Interference
fringes with contributions arising as a result of the spatial
separation between these states were observed by monitoring
the internal Rydberg state populations at the output of the
interferometer.

A. Electric Rydberg-atom interferometry
with internal-state labeling

In an electric Rydberg-atom interferometer the external
motional state of an atom is coherently split into spatially sep-
arated momentum components. The difference in the phase
�φtot (t ), accumulated between these components, i.e., be-
tween the arms of the interferometer, can, by analogy with
the treatment in Refs. [30,31] for a light-pulse atom interfer-
ometer, be expressed as

�φtot (t ) = �φaction(t ) + �φseparation(t ), (1)

where �φaction(t ) and �φseparation(t ) arise from the differences
in the classical action in the interferometer arms and the
spatial separation of the Rydberg-atom wave packets, respec-
tively.

The contribution to the phase arising from the action in
each of two arms i = 1, 2 is

φaction, i(t ) = 1

h̄

∫ t

0
Lidt, (2)

here Li = Ti − Vi is the Lagrangian with kinetic-energy Ti and
potential-energy Vi, and h̄ is the reduced Planck constant. In
the case of interest here,

φaction, i(t ) = 1

h̄

[
mHe

2

∫ t

0
v2

i dt −
∫ t

0
WS,i(t )dt

]
, (3)

where mHe is the mass of the helium atom and the potential-
energy WS,i(t ) represents the total internal energy of the atom
including the Stark shift. The phase difference can, therefore,
be separated into a dynamic part �φdynamic(t ), that depends
on the difference in the kinetic energies of the wave packets
in each arm of the interferometer, and a part �φStark (t ) that
depends on the Stark energy in each arm such that

�φaction(t ) = �φdynamic(t ) − �φStark (t ). (4)

The separation phase difference in Eq. (1) can be expressed
as [30,31]

�φseparation(t ) = 1

h̄

( p1 + p2

2

)
(z1 − z2), (5)

where pi = p0 + �pi and zi = z0 + �zi are the momentum
and classical position, respectively, of the wave packets in an
interferometer with arms spatially separated in the z dimen-
sion, an initial momentum p0 (position z0), and changes in
momentum �pi (position �zi). Since the de Broglie wave-
length λdB = h/p, if the change in momentum in each arm of
the interferometer is much smaller than the initial momentum
(p1 + p2)/2 � p0 and the separation phase,

�φseparation(t ) � −2π �z

λdB0

. (6)

To calculate the phase evolution of the quantum states in
the interferometer implemented here a semiclassical treatment
was carried out. In this treatment each Rydberg-atom wave
packet was assumed to follow the classical path of least ac-
tion through the interferometer, i.e., the expectation values of
the position and momentum operators followed the classical
equations of motion,

mHe
d

dt
〈zi〉 = 〈pi〉, (7)

and
d

dt
〈pi〉 = −∇WS,i(t ). (8)

At time t = 0, considered to be immediately after the first
π/2 pulse in Fig. 1(b), an atom in the interferometer occupied
the state,

|ψ (t = 0)〉 = 1√
2

[|n1(0)〉|p1(0)〉 + |n2(0)〉|p2(0)〉], (9)

where |ni(t )〉 and |pi(t )〉 represent the internal Rydberg state
with principal quantum number n and the external momentum
state in arm i, respectively. When t = 0, |p1(0)〉 = |p2(0)〉,
but for t > 0, the gradient of the potential WS, i(t ) caused a
separation of the Rydberg-atom wave packets. After a time t ′,
the state of the atom, therefore, evolved to

|ψ (t = t ′)〉 = 1√
2

[e−iφ1(t ′ )|n1(t ′)〉|p1(t ′)〉 + · · ·

e−iφ2(t ′ )|n2(t ′)〉|p2(t ′)〉], (10)

where φi is the phase accumulated in arm i.
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At time t = tπ in Fig. 1(b), the internal Rydberg-state pop-
ulation was inverted upon the application of a π rotation on
the Bloch sphere. In the experiments this coherent internal
state inversion was performed in zero electric field. In the
calculations was assumed to occur instantaneously at the mid-
point of the π pulse at time tπ + Tπ/2 in Fig. 1(b) such that

n1(t ) =
{

56, 0 � t < tπ + Tπ/2,

57, tπ + Tπ/2 � t < tf ,

and

n2(t ) =
{

57, 0 � t < tπ + Tπ/2,

56, tπ + Tπ/2 � t < tf .

After the application of the second electric-field gradient
pulse, the interferometry sequence was completed at time
t = tf with a final π/2 rotation of the internal Rydberg-state
population on the Bloch sphere. This final π/2 pulse resulted
in the generation of a superposition of each internal Rydberg
state with each of the final momentum states such that

|ψ (t = tf )〉 = 1
2 {e−iφ1(tf )[|56〉 + |57〉]|p1(tf )〉 + · · ·
e−iφ2(tf )[|56〉 − |57〉]|p2(tf )〉}. (11)

Rydberg-state-selective detection, implemented in the ex-
periments by pulsed electric-field ionization, was realized in
the calculations by the application of the measurement oper-
ator M̂ = |n〉〈n| ⊗ I, where I is the identity. The probability
of measuring either Rydberg state was, therefore, given by the
trace Tr[M̂|ψ (tf )〉〈ψ (tf )|]. Thus, the population of, e.g., the
|57s〉 state P57s was

P57s = 1
2 {1 + C cos [�φtot (tf )]}, (12)

where �φtot (tf ) = φ2(tf ) − φ1(tf ) as given by Eq. (1), and the
contrast C reflected the spatial overlap of the wave packets in
each arm of the interferometer at time tf , i.e., 〈p1(tf )|p2(tf )〉.

In this semiclassical approach to calculating Rydberg-atom
matter-wave interference patterns, the finite coherence length
of the Rydberg-atom wave packets was not treated explicitly,
i.e., for all cases considered C = 1 in Eq. (12). To account
for the effect of the coherence length in the experiments,
calculations were performed for ensembles of atoms sam-
pled randomly from initial phase-space distributions reflecting
those of the excited atoms in the experiments. More complete
treatments of this type of interferometry in which effects aris-
ing from the coherence length of the atomic wave packets are
considered explicitly can, however, be found in the literature,
for example, in Ref. [26].

B. The Stark effect in 1sns 3S1 Rydberg states in helium

The 1s56s 3S1 (|56s〉) and 1s57s 3S1 (|57s〉) Rydberg
states in helium have fluorescence lifetimes in excess of
130 μs and static electric dipole polarizabilities of 2.3 and
2.6 GHz V−1 cm−2, respectively. These electric dipole polar-
izabilities and, more generally, the complete Stark shifts of
these levels which were used in all interferometry calcula-
tions, were obtained from the eigenvalues of the Hamiltonian
matrix for the atom in the presence of an electric field. This
Hamiltonian was constructed in a |n � m�〉 basis, where m�

is the azimuthal quantum number of the Rydberg electron.

TABLE I. Quantum defects δn� of the triplet Rydberg states in
helium with n = 56 and 57 [36].

� δ56� δ57�

0 0.296 6688 0.296 6684
1 0.068 3543 0.068 3545
2 0.002 8893 0.002 8894
3 0.000 4468 0.000 4468
4 0.000 1269 0.000 1269
5 0.000 0486 0.000 0486

The diagonal elements of this Hamiltonian were determined
using the Rydberg formula with nonzero quantum defects
for the triplet states with � � 6 as given in Table I. The
off-diagonal matrix elements associated with the interaction
with the electric field contained angular integrals that were
calculated using standard angular momentum algebra [32]
and radial integrals that were calculated using the Numerov
method with a pure −1/r potential [33]. In the triplet Rydberg
states in helium with n = 56 and 57, the largest spin-orbit
splittings, i.e., those of the 3PJ levels, are less than 1.3 MHz
[34] and do not contribute significantly to the Stark shifts
of the |56s〉 and |57s〉 states over the range of electric fields
employed in the experiments. This approach to calculating the
Stark energy-level structure in helium agrees with experimen-
tal measurements to a precision of ∼30 MHz for electric fields
up to the classical ionization field [35].

In the presence of an inhomogenous electric field with a
gradient in the z dimension, i.e., along the axis of propagation
of the atomic beam in Fig. 1(a), the Rydberg-state-dependent
force exerted on an atom is given by

fz = −∇WS (t, z), (13)

where WS (t, z) is the Stark energy which depends on the
position in the z dimension. In the one-dimensional model
considered in the calculations, the electric-field F (z, t ) within
the wedge-shaped electrode structure on the axis of propaga-
tion of the atomic beam had the form

F (z, t ) = V (t )

s(z)
+ F (z), (14)

where V (t ) is the potential difference between E1 and E2,
s(z) is the z-position-dependent separation between E1 and
E2 in the y dimension, and F (z) = (z − zcancel )(dFstray/dz)
represents a residual position-dependent stray electric field.
This residual stray electric field was canceled at the position
zcancel and had a gradient dFstray/dz.

To aid in the interpretation of the experimental data, classi-
cal trajectories of atoms in the inhomogeneous electric field
described by Eq. (14) were calculated numerically with an
integration time-step size of 0.25 ns. In these calculations
the trajectories of 200 atoms through the interferometer were
determined. The initial longitudinal velocity of each was gen-
erated by random sampling from a Gaussian distribution with
mean of v0 = 2000 m/s and a standard deviation of 50 m/s
as determined by time-of-flight measurements [37]. Because
the propagation distance of the atoms in the time Te, when the
excitation electric-field pulse was applied to E2 [see Fig. 1(b)]
was large, i.e., (LRy = v0 Te > 1 mm) compared to the waist
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|56s

|56p

|57s

|57p

FIG. 2. Energy-level structure of the triplet Rydberg states in
helium with n = 56 and 57.

of the focused laser beams used for Rydberg-state photoexci-
tation [∼100 μm full width at half maximum (FWHM)], the
initial longitudinal position of each atom at the time t = td of

the first π/2 microwave pulse of the interferometry sequence,
was generated by random sampling from a uniform distribu-
tion of excitation times between t = 0 and t = Te, and then
calculating the distance traveled from the time of excitation
to td. At each time step in the calculations the electric-field
strength and electric-field gradient at the position of each
atom were determined and used, together with the calculated
Stark shifts of the atomic energy levels, to determine the force
acting in each arm in the interferometer. For the |56s〉 and
|57s〉 Rydberg states, these forces resulted in accelerations of
∼1000 m/s2 for electric-field gradients of ∼0.1 V/cm2.

IV. RESULTS

With the interferometer apparatus and pulse sequence op-
timized as described in Sec. II, pairs of electric-field gradient
pulses with equal rise and fall times of τg = 130 ns, and equal
durations of Tg = 72 ns were generated by applying pulsed
potentials to E1 [see Fig. 1(a)]. To record Rydberg-atom
matter-wave interference patterns the amplitudes Vgrad of these
pulses were adjusted, and the population of the |57s〉 state at
the end of the interferometry sequence was monitored. The
results of such a measurement are presented as the continuous
blue curve in Fig. 3(a). The interference fringes seen in this
figure reflect the change in the total phase difference between
the interferometer arms �φtot (tf ) as Vgrad was adjusted. The
reduction in the period of the fringes as |Vgrad| increases is
a consequence of the quadratic Stark shifts of the |56s〉 and
|57s〉 states. For all values of Vgrad in this figure the electric
field experienced by the atoms remained below the Inglis-
Teller field in which the |ns〉 states first cross the manifolds

-100

+100

FIG. 3. (a) Measured (continuous curve) and calculated (dashed curve) Rydberg-atom interference pattern for Tg = 72 ns and τg = 130 ns.
The parameter Vgrad indicated on the horizontal axis represents the amplitude of the pulsed potentials applied to electrode E1 to generate the
pulsed electric-field gradients in the interferometer (see the text for details). (b) The calculated dynamic �φdynamic(tf ) (continuous black curve),
Stark �φStark (tf ) (dashed red curve), and separation �φseparation(tf ) (dashed-dot violet curve) phase differences at the interferometer output that
contribute to the interference pattern in (a). (c) The corresponding calculated spatial separation between the classical paths of least action at
the interferometer output.
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of �-mixed hydrogenic Stark states in Fig. 2. Up to ∼15
interference minima are observed for values of Vgrad < 0.

In previous electric Rydberg-atom interferometry experi-
ments performed with atoms in circular Rydberg states, the
maximal displacement of the atomic wave packets for which
interference fringes were observed was limited by nonadi-
abatic internal-state dynamics in the pulsed electric fields
applied [10]. These nonadiabatic dynamics led to a loss of
population, and, hence, a loss in signal from the quasi-two-
level system composed of the pair of circular states as the
value of |Vgrad| was increased. It is evident from the conver-
gence of the |57s〉 population in Fig. 3(a) toward 0.5 for values
of |Vgrad| close to 4.5 V that these nonadiabatic losses do not
occur in the present experiments. This is because the |ns〉
Rydberg states remain energetically isolated from all other
higher-� Rydberg states over the full range of electric fields
experienced by the atoms during the interferometry sequence.
Nevertheless, at high values of |Vgrad| the contrast of the inter-
ference fringes does reduce.

A more detailed interpretation of the interferogram in
Fig. 3(a) was obtained by comparison of the experimental data
with the results of calculations (dashed red curve) performed
using the methods described in Sec. III. The good quantitative
agreement between the results of the experiments and the
calculations allowed the origin of the reduction in the contrast,
or decoherence, of the interference patterns at high values of
|Vgrad| to be inferred. This decoherence directly reflects the
phase-space properties of the ensemble of Rydberg atoms in
the experiments, i.e., the longitudinal velocity spread and the
spatial extent in the z dimension.

To achieve good agreement between the results of the cal-
culations and the experimental data in Fig. 3(a), the ratio of the
amplitude of the voltage pulse applied to generate the second
electric-field gradient pulse, to that applied to generate the
first gradient pulse was set to 1.01 – within the range mea-
sured in the apparatus (see Sec. II). To account for the offset
of the centroid of the interferogram to Vgrad � +0.4 V, the
residual stray electric-field F (z) in Eq. (14) was required to
have a nonzero gradient. In the experimental apparatus this
residual electric-field gradient arose because although the av-
erage stray electric field experienced by the atoms during the
interferometry sequence was minimized (see Sec. II), the min-
imization of this average field is not commensurate with the
minimization of the field gradient to which the Rydberg-atom
interferometer is sensitive. The calculated interference pattern
in Fig. 3(a) was obtained for a stray electric-field gradient of
dFstray/dz = −22.5 mV/cm2. This stray field gradient is the
cause of the more rapid phase accumulation for Vgrad < 0 than
for Vgrad > 0 in the experimental data.

The individual contributions from the dynamic, Stark, and
separation phase differences to �φtot (tf ) in the calculated
interferogram in Fig. 3(a) are displayed in Fig. 3(b). Because
of the high speeds of the atoms in the z dimension in which
the forces were exerted, the initial momentum p0 was much
greater than the changes in momentum resulting from the
forces, i.e., p0 � �pi. Consequently, the difference in the dy-
namic phase in each arm of the interferometer was of approx-
imately equal magnitude but opposite sign to the difference
in the separation phase, i.e., �φdynamic � −�φseparation. The
results of the calculations in Fig. 3(b) demonstrate that under

the conditions in which the experiments were performed, the
Stark phase difference plays a significant role. This is because
as the atoms move in the positive z dimension between E1
and E2, the magnitude of the electric field they experience for
each value of Vgrad reduces. As a result, the electric field at the
position of the atoms, and therefore the Stark shift at the time
of the first electric-field gradient pulse is slightly larger than
that at their position at the time of the second gradient pulse.
The Hahn-echo sequence of microwave pulses, therefore, does
not completely cancel the phase accumulation associated with
the Stark shifts of the Rydberg states.

The calculations also yielded information on the spatial
separation between the classical paths at the interferometer
output as displayed in Fig. 3(c). Comparing the interferogram
in Fig. 3(a) with the results of these calculations indicates
that the maximal displacement of the Rydberg-atom wave
packets for which interference fringes were observed was
∼0.75 nm and, hence, ∼15λdB. The asymmetry of the curve
in Fig. 3(c) about Vgrad = 0 V is a consequence of the residual
stray electric-field gradient in the apparatus.

An alternative determination of the stray electric-field
gradient in the interferometer was made by microwave
spectroscopy of Rydberg-Rydberg transitions, performed at
selected times after laser photoexcitation, and therefore lon-
gitudinal positions between E1 and E2. These spectra of the
two-photon |56s〉 → |57s〉 transition were recorded using sin-
gle pulses of microwave radiation with durations of 2 μs and
are displayed in Fig. 4. The absolute transition frequencies in
these measurements are affected by Doppler shifts on the or-
der of +100 kHz in the fast-moving pulsed supersonic beam.
However, across this set of spectra, the measured two-photon
transition frequency shifts by ∼ + 60 kHz. Since the |56s〉 →
|57s〉 transition exhibits a quadratic Stark shift toward lower
frequency with increasing electric-field strength, the observed
shift toward higher transition frequencies at later times after
laser photoexcitation indicates that the uncompensated stray
electric field between E1 and E2 reduces toward the end of
these electrodes closest to the detection region. At this end,
the separation between these electrodes in the y dimension is
greatest, and the atoms are, therefore, furthest from the elec-
trode surfaces and the source of residual stray fields [38,39].
Comparison of the experimentally measured transition fre-
quencies in Fig. 4 with the calculated Stark shifts of the |56s〉
and |57s〉 states, yielded a mean residual uncompensated stray
field gradient between E1 and E2 on the axis of propagation
of the atomic beam of dFstray/dz � −20 mV/cm2. This is
consistent with the residual gradient of −22.5 mV/cm2 ob-
tained by comparing the measured and calculated interference
patterns in Fig. 3.

The effect of the spatial extent of the ensemble of Rydberg
atoms in the z dimension on the coherence length in the exper-
iments was investigated by adjusting the value of Te, the laser
photoexcitation pulse duration. An interferogram recorded for
Te = 800 ns, i.e., with LRy � 1.6 mm, and values of Vgrad � 0
is displayed in Fig. 5(a). These data were recorded with the
same set of experimental parameters as those in Fig. 3(a)
and exhibit clearly visible interference fringes over the full
range of values of Vgrad encompassed in the figure. The data
presented in Fig. 5(b) were recorded with a longer photoexci-
tation pulse of Te = 1800 ns, i.e., with LRy � 3.6 mm. From
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FWHM
 = 235 kHz

3.0

FIG. 4. Microwave spectra of the two-photon |56s〉 → |57s〉
transition recorded at times td, td + 2.0, and td + 4.0 μs after laser
photoexcitation to probe residual uncompensated stray electric-field
gradients over a distance of ∼8 mm along the axis of propagation of
the atomic beam between E1 and E2.

this measurement, performed under experimental conditions
that were otherwise identical to those used when recording
the data in panel (a), it is seen that for the longer bunch of
atoms the contrast of the interference fringes reduces more
rapidly as the value of Vgrad increases, indicating a reduction
in the longitudinal coherence length, and rapid fluctuations
are seen in the population of the |57s〉 state. The reduction
in the contrast of the interference fringes is also apparent
in the results of the calculations. This is a consequence of
the dependence of the electric field between E1 and E2 on
the position in the z dimension and the effect this has on
the Stark and dynamic phase differences within the ensemble
of excited atoms. The inhomogeneity of the electric field
leads to different Stark shifts of, and forces on, atoms at the
front and back of the excited ensemble. For a larger spatial
distribution of atoms these differences are greater. Thus, the
range of values of �φtot (tf ) accumulated across the ensemble
is also greater, and increased decoherence ensues. The rapid
fluctuations, with a periodicity of ∼0.1 V, seen throughout the
interference pattern in Fig. 5(b) are attributed to the spatial
inhomogeneity of the microwave field and the effect this has
on the fidelity of the microwave pulses across the ensemble of
Rydberg atoms. Because of the inhomogeneity of this field in
the z dimension, ideal π/2 and π pulses can only be achieved
for compact ensembles of excited atoms that are well localized
at the time of the application of each pulse. By increasing the
spatial extent of the ensemble of Rydberg atoms, the set of

FIG. 5. Measured (continuous blue curves) and calculated
(dashed red curves) Rydberg atom interference patterns recorded
for Tg = 72 ns, τg = 130 ns, and values of Vgrad � 0 after laser
photoexcitation of (a) a short LRy � 1.6 mm ensemble of Rydberg
atoms when Te = 800 ns, and (b) a long LRy � 3.6 mm ensemble of
Rydberg atoms when Te = 1800 ns.

microwave pulses used no longer yielded ideal π/2 and π

rotations on the Bloch sphere for every atom. This resulted
in a beating effect in the final Rydberg-state population which
is superimposed on the main interference fringes.

Further information on decoherence in the interferometer
was obtained by performing experiments with electric-field
gradient pulses of a constant amplitude but durations that
were adjusted. These measurements, the results of which are
presented in Fig. 6, provided insight into the effects of the
increased exposure time of the atoms to the electric fields
in the interferometer. For these measurements Te was set to
800 ns, and data recorded for Vgrad = 2 and 1 V are displayed
in Figs. 6(a) and 6(b), respectively (continuous curves). For
the higher value of Vgrad = 2 V in Fig. 6(a), the differences
in the induced electric dipole moments and therefore the dif-
ferences in the state-dependent forces exerted in each arm
in the interferometer were greatest. As a result, �φtot (tf )
accumulated rapidly as the duration of the gradient pulses
increased. The dependence of the contrast of the measured
interference fringes in Fig. 6(a) on the value of Tg is similar to
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FIG. 6. Measured (continuous blue curves) and calculated
(dashed red curves) Rydberg-atom interference patterns recorded by
adjusting the electric-field gradient pulse duration Tg for τg = 130 ns,
and (a) Vgrad = 2 V, and (b) Vgrad = 1 V. In each case Te = 800 ns.

that observed in the calculations. This is also the case in the
data recorded for Vgrad = 1 V. Again these data are in good
quantitative agreement with the results of the calculations
with the only parameter adjusted being the value of Vgrad. The
calculations performed do not account for decoherence that
depends on the value of Vgrad, i.e., decoherence arising from
electric-field noise to which the more strongly polarized atoms
in Fig. 6(a) when Vgrad = 2 V may be more sensitive than
those, e.g., in Fig. 6(b). This suggests that decoherence caused
by laboratory electric-field noise does not significantly impact
the performance of the interferometer over the timescales, and
for the fields and field gradients used in these experiments.
These data further support the conclusion that the decoher-
ence, or coherence length, in the experiments is dominated
by the combination of the longitudinal velocity spread in the
ensemble of excited atoms and the dependence of the electric-
field distribution within the interferometer on the longitudinal
position.

V. CONCLUSION

The use of low-� Rydberg states in the electric Rydberg-
atom interferometry experiments described here has allowed
limitations on the maximal achievable displacement of the
atomic wave packets, arising as a result of nonadiabatic
internal-state dynamics, encountered previously with atoms in
circular Rydberg states to be overcome. This has meant that
effects of interference between Rydberg-atom wave packets
separated by up to ∼0.75 nm were observable.

To generate superpositions of Rydberg-atom wave pack-
ets with larger spatial separations, it will be necessary to
overcome limitations arising from the velocity spread in the
atomic beam and the position dependence of the electric-field
gradient within the wedge configuration of electrodes used
in the experiments. This may be achieved by: (1) operating
the interferometer in a transverse geometry to take advan-
tage of the lower transverse velocity spread (∼ ± 1 m/s) in
the collimated supersonic beam, (2) exploiting sequences of
shaped electric-field gradient pulses, and (3) devising more
elaborate electrode geometries to optimize the spatial distribu-
tion of the inhomogeneous electric fields in the interferometer.
These developments will require a detailed understanding of,
and enhanced control over contributions from the individual
dynamic, Stark, and separation phases to the total phase dif-
ference between the interferometer arms. For atoms moving at
high speeds and, therefore, with short de Broglie wavelengths
as in the experiments reported here, when the spatial sepa-
ration between the interferometer arms is small the separation
and dynamic phase differences cancel. However, this behavior
does not persist at low speeds and for larger separations.
Under such conditions the Rydberg-atom interferograms are
expected to be significantly more sensitive to the details of
the time and position dependence of the electric fields. By
shaping the pulsed potentials applied to generate the electric-
field gradients in the time domain, it is anticipated that the
relative contributions from the dynamic, Stark, and separation
phases to the measured interferograms can be controlled.

The advances in coherent Rydberg-atom optics demon-
strated here open opportunities in a range of research areas.
These include applications in quantum sensing and investi-
gations of geometric phases for particles with large electric
dipole moments; studies of the role of coherence or deco-
herence in gas-phase chemical reactions at low temperatures;
and tests of the weak equivalence principle with Rydberg
positronium atoms.
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