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We report the first observation of echoes in the electric dipole moment of an ensemble of Rydberg
atoms precessing in an external electric field F. Rapid reversal of the field direction is shown to play a role
similar to that of a � pulse in NMR in rephasing a dephased ensemble of electric dipoles resulting in the
buildup of an echo. The mechanisms responsible for this are discussed with the aid of classical trajectory
Monte Carlo simulations.
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The average magnetization of an ensemble of nuclear
magnetic dipole moments precessing about a static mag-
netic field is attenuated due to variations in the local
magnetic fields and the resulting precession velocities !.
By applying an alternating magnetic field pulse (typically a
�=2 or � pulse) transverse to the static field after a time �,
this attenuation by dephasing can be reversed resulting in
the reappearance, after t � 2�, of a significant fraction of
the initial magnetization, the ‘‘echo’’ of the original signal.
This ‘‘spin echo’’ was discovered by Hahn [1] over 50
years ago. The remarkable observation in nuclear magnetic
resonance (NMR) [2] of a laboratory ‘‘time-reversal op-
eration’’ for a statistical ensemble of quantum systems
touches on many ideas related to nonequilibrium statistical
mechanics (reversal of the ‘‘arrow of time’’), the interplay
between dephasing and decoherence [3], classical-
quantum correspondence, and coherent control and ma-
nipulation of quantum systems [4]. Other echo phenomena
including photon echoes [5,6] where single-photon wave
packets are intermittently ‘‘stored’’ in the wave function of
a coherently excited few-level atom to be retrieved later as
an echo have been observed. The Loschmidt echo [7]
probes the influence of classical chaos on quantum wave
packets. Small changes in the Hamiltonian between the
forward and backward propagation times 0< t < � and
� < t < 2�, respectively, lead to an exponential suppres-
sion of echoes when the underlying classical dynamics is
chaotic.

We report here the observation of echoes in the electric
dipole moment of an ensemble of free Rydberg atoms.
Manipulation of Rydberg states with large principal quan-
tum numbers n is of considerable interest for implementa-
tion of fast quantum gates [8], for quantum information
registers [9], and for the dipole blockade [10], which
inhibits transitions to all but singly excited collective
states. More generally, high-n Rydberg atoms provide a
valuable mesoscopic laboratory to explore concepts and
technologies for quantum information processing and co-
herent control [11,12]. While the precession of an electric
dipole moment has many features in common with its

magnetic counterpart, realization of an echo in the elec-
tronic motion of atoms provides additional challenges
because of the shorter time scale for orbital and preces-
sional motion and the much stronger coupling of such
microsystems to their environment leading to rapid deco-
herence [13] or even destruction.

The present protocol employs n� 350 Stark wave pack-
ets with binding energies E � �1=�2n2� in the sub-meV
regime and electron orbital periods Tn � 2�n3 of a few
nanoseconds (we use atomic units unless otherwise stated).
Echoes are generated by rapidly reversing the electric field
about which the dipole moments precess. Phase coherence
in low-n wave packets has been explored earlier using
revivals [14] but this is not possible at high-n because
typical revival times exceed the decoherence time �D.
Dipole echoes, however, can be observed on much shorter
time scales, allowing study of the onset of decoherence.

For a given n level electron motion in a weak electric
field ~F � Fẑ can be discussed with the aid of the pseudo-
spins ~J� � �h ~Li � nh ~Ai�=2, where ~L � ~r� ~p and ~A �
~p� ~L� r̂ are the angular momentum and the Runge-
Lenz vector, respectively [15]. To first order in F, the
time evolution of the pseudospins obeys two decoupled
effective Bloch equations [16]

 

d
dt
~J� � !��F� ~J� � ẑ: (1)

The pseudospins precess in opposite directions about the
field with angular velocities !� ’ ��3=2�Fn�� !�1�� �
(Fig. 1) much like spin precession in a magnetic field.
However, the electric dipole (proportional to ~A) changes
periodically in time. The magnitudes of h ~Li � ~J	 	 ~J�
and nh ~Ai � ~J	 � ~J� take on maximal (and minimal) val-
ues twice during one precession orbit and oscillate with the
Stark frequency !s � 2!�1�	 corresponding to the hydro-
genic Stark splitting within the n manifold. Equation (1)
holds both quantum mechanically and classically and is
identical to the equation governing the motion of a single
spin magnetic moment in NMR. A Rydberg wave packet
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containing components with different values of n possesses
a broad range of precession frequencies!s�n�, correspond-
ing to the inhomogeneous line broadening observed for an
ensemble of spins in NMR, leading to the dephasing of the
wave packet.

In the experimentally available parameter range, the
dynamics of the electric dipole is more complex due to
couplings to internal degrees of freedom in the atom caus-
ing dephasing of wave packets even within an n manifold.
A typical Rydberg electron trajectory [Figs. 2(a) and 2(b)]
embodies three different time scales. The electron orbits
rapidly on an approximate Kepler ellipse with period Tn.
This ellipse precesses in the field and undergoes oscilla-
tions in eccentricity on an intermediate time scale Tk �
2Ts � 4�=!s [Fig. 2(a)]. Such Stark precession results in
an elliptic trajectory of the Runge-Lenz vector in the (Ax,

Ay) plane [Fig. 2(b)]. This ellipse slowly rotates about the
Az axis with period Tm. These three time scales can be
derived from the eigenenergies given by second-order
hydrogenic quantum perturbation theory

 En;k;m��
1

2n2	
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2
nkF�

1

16
F2n4
17n2�3k2�9m2	19�;

(2)

where k and m are the electric and magnetic quantum
numbers, respectively. Remarkably, Eq. (2) agrees with
the classical result [17] in terms of the actions n, k, and
m up to small corrections due to noncommutativity.
Expressing the classical energy in terms of the z compo-
nents of the pseudospins, Jz� � �m� k�=2, the precession
frequencies in Eq. (1) are

 !��F� �
@E�n; Jz	; J

z
��

@Jz�

� �
!�1�k �F� 	!
�2�
k �F�� 	!

�2�
m �F�; (3)

where !�1�k � 3Fn=2 is the first-order angular velocity,
and !�2�k �F� � �3=8�F2n4k and !�2�m �F� � �9=8�F2n4m
are the second-order corrections proportional to the electric
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FIG. 2. Time evolution of the classical trajectory of a single
Rydberg electron (n � 350) in an external electric field F �
20 mV=cm applied along the z direction: (a) projection of the
trajectory onto the (z, x) plane during a Stark precession period
(Ts � Tk=2 � 40 ns) equal to about seven Kepler periods (Tn �
6:5 ns). (b) Slow rotational motion in the (Ax, Ay) plane for 0 
t  1000 ns (Tm ’ 2500 ns). All coordinates are depicted in
scaled units (r0 � r=n2, p0 � pn).
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FIG. 3 (color online). (a) Time-dependent field used to study
the dipole echo (see text). The probe HCP, with scaled amplitude
n�pp � 0:53, is applied after a variable delay time. (b) Echo in
the time-resolved survival probability (experiment: red, CTMC
simulation: blue) for n � 350 atoms initially polarized along the
x axis and a field jFj � 20 mV=cm applied in the z direction.
The field is reversed at � � 500 ns. (c) Time-resolved survival
probability without field reversal.
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FIG. 1 (color online). Behavior of the pseudospins ~J�. To first-
order these precess with angular velocities�!s=2 in the electric
field. The electric dipole is proportional to nh ~Ai � � ~J	 � ~J��.
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(k) and magnetic (m) quantum numbers. The Kepler fre-
quency !n � @E�n; Jz	; J

z
��=@n � 2�=Tn. The angular

velocity !�2�m , which determines the rotation period, Tm �
2�=!�2�m �F�, in the (Ax, Ay) plane [Fig. 2(b)] is identical for
both pseudospins. (Note that the second-order correction
lifts the degeneracy between the magnitude of the frequen-
cies !	 and !�.) It can be separated from the Stark
precession by transforming the pseudospins into a rotating
frame, ~J0� � Rz�� � !mt� ~J�, where Rz��� is the matrix
for rotation by an angle� about the z axis. To second order
in F, the Bloch equations in the rotating frame become

 

d
dt
~J0� � �!k�F� ~J

0
� � ẑ (4)

with !k�F� � !�1�k �F� 	!
�2�
k �F� [i.e., a precession period

Tk � 2�=!k�F�]. A wave packet has a distribution of
actions (quantum numbers) n and k which translate into
n and Jz�, and is interpreted as an ensemble of spins with a
broad distribution of !k�F�.

To investigate Stark echoes experimentally, quasi-one-
dimensional Rydberg atoms oriented along the x axis are
first produced by photoexciting potassium atoms to a mix
of the lowest-lying redshifted states in the n � 350 Stark
manifold in a weak (�250 �V cm�1) dc field (directed
along the x axis) [18]. A much larger dc field F �
20 mV cm�1 is then suddenly applied (rise time
�0:3 ns� Tn) in the z direction [Fig. 3(a)] to create a
Stark wave packet comprising a coherent superposition of
Stark states with a narrow range of n. The wave packet is
allowed to evolve in the field for a time � � 500 ns where-
upon the field is reversed F ! �F. The switching time
ts � 7 ns� Tn was selected to effectively prevent transi-
tions between different n states avoiding additional line
broadening.

The echo is monitored by applying a probe half-cycle
pulse (HCP) of duration Tp � 0:6 ns and amplitude suffi-
cient to ionize �50% of the atoms, along the z axis after a
variable time delay �delay and measuring the overall sur-

vival probability (after the dc field has returned to zero)
using field ionization [19]. Because the probe HCP is very
short, Tp � Tn, it simply delivers an impulse or kick �pp
to the electron resulting in an energy transfer �E �
pz�pp 	 ��pp�2=2. As �E is a function of pz, the sur-
vival probability reflects the time evolution of the average
value hpzi of the wave packet. Because of the cylindrical
symmetry, the measurements are insensitive to rotational
motion about the z axis and equivalent to probing motion in
the rotating frame. The survival probability maps out the
variation of the orientation and elongation of the Kepler
ellipse [Fig. 2(a)]—the ‘‘Stark beats’’ of the electric dipole
moment.

Figure 3 shows that without field reversal the amplitude
of the Stark beats decreases steadily with time due to
dephasing. Reversal of the field leads to the appearance
of a strong echo. Figure 3 includes results of classical
trajectory Monte Carlo (CTMC) simulations. The (re-
stricted) microcanonical ensemble of points in phase space
that represents the initial mix of Stark states [18], which is
centered on nAx � 292, is propagated in time according to
Hamilton’s equation of motion. This initial state with a
narrow distribution of k�� nAz� centered on k � 0 is
chosen to suppress the quadratic frequency shift !�2�k .
The simulations mirror the behavior seen experimentally.
Small differences can be attributed to uncertainties in the
size of the applied field F and the exact mix and orientation
of the initial states. The relative size of the echo is smaller
than calculated providing evidence of decoherence associ-
ated with irreversible dephasing. This may be caused by
external perturbations introduced, for example, by fluctu-
ating external fields (noise), radiation fields, or collisions
with background gas.

The dephasing and subsequent rephasing of the wave
packet can be seen clearly in the time evolution of the
probability density of the pseudospins displayed in Fig. 4
in the (Jx

0

	, Jy
0

	) plane. The precessional motion proceeds
around the circle denoted by the dashed line with angular
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FIG. 4 (color online). Time evolution
of the probability density in the (Jx

0

	, Jy
0

	)
plane. The snapshots are taken at t � 0,
�, and 2�, where � � 500 ns. Upper
panels: evolution for initial state with
maximal transverse polarization (see
text). Lower panels: evolution for the
state realized in the experiment (see
text). The arrows denote the precessional
motion of the wave packet. Jx

0

	 and Jy
0

	

are expressed in scaled units.
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velocity !k�F�. The sense of rotation is reversed after the
field is reversed. The upper frames in Fig. 3 are for an
initial state maximally polarized in the transverse plane (a
superposition of extreme parabolic states nAx � n� 1
along the x axis, i.e., k� 0, with 342< n< 358). The
lower frames correspond to an initial state that mimics
the experimental initial state. The probability densities
are initially strongly localized in azimuthal angle �	 �
tan�1�Jy

0

	=J
x0
	� and centered near �	 � �. They evolve

around the circle as �	 � �	!k�F�t and spread as
they dephase. After field reversal at t � � the wave packets
rephase leading to an echo at t � 2�. The echo is nearly
ideal for the maximally polarized state but is less well
defined for the experimental state because the initial k
distribution is broader. The spreading and rephasing be-
havior can be quantified using the width ��	 of the
distribution in the azimuthal angle �	 (Fig. 5). Initially,
the angular diffusion is linear, ��	 / t, but is reversed
upon reversal of the field. The value of the width at the time
of the echo can be used to accurately determine the degree
of irreversible dephasing or decoherence.

Several applications of the electric dipole echo demon-
strated in the present work can be envisioned. Prime among
them is the exploration of decoherence. Unlike revivals,
the echo allows decoherence to be probed over a wide
range of decoherence times as the time of field reversal
can be varied. Moreover, the response to ‘‘colored’’ noise
[20] can be explored in a controlled fashion. Another
possible extension is the controlled modulation of the
dipole blockade in a Rydberg gas starting with an ultracold

gas in an optical lattice [10,21]. The time-dependent (qua-
sipermanent) electric dipole of the Stark Rydberg wave
packet induces long-range interactions with nearby atoms
that should dominate over induced dipole-dipole inter-
actions.
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FIG. 5. CTMC simulations of the width ��	�t� of the wave
packet in the azimuthal angle, �	. The initial linear diffusion
��	 / t is reversed at t � � � 500 ns due to field reversal.
Results are included for three different cases: the maximally
polarized initial state (dashed line), the experimentally realized
initial state (solid line), and without field reversal (dotted line).
The magnitude of the field is 20 mV=cm. To compare only the
diffusive nature of ��	, the initial spread is subtracted from the
results.
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