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Magnetic Trapping of Long-Lived Cold Rydberg Atoms
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We report on the trapping of long-lived strongly magnetized Rydberg atoms. 85Rb atoms are laser
cooled and collected in a superconducting magnetic trap with a strong bias field (2.9 T) and laser excited
to Rydberg states. Collisions scatter a small fraction of the Rydberg atoms into long-lived high-angular
momentum ‘‘guiding-center’’ Rydberg states, which are magnetically trapped. The Rydberg atomic cloud
is examined using a time-delayed, position-sensitive probe. We observe magnetic trapping of these
Rydberg atoms for times up to 200 ms. Oscillations of the Rydberg-atom cloud in the trap reveal an
average magnetic moment of the trapped Rydberg atoms of � �8�B. These results provide guidance for
other Rydberg-atom trapping schemes and illuminate a possible route for trapping antihydrogen.
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FIG. 1 (color online). (a) Collisions transform laser excited
low-jmj Rydberg atoms into drift-state Rydberg atoms. The
associated dramatic change in the nature of the atoms is quali-
tatively visualized by depicting classical Rydberg electron tra-
jectories for m � 0 and m � �300 (a0: Bohr radius). Strongly
magnetized atoms have permanent electric quadrupole moments.
(b) Force diagram in a drift Rydberg atom. The Rydberg electron
moves in a Penning-trap-like orbit on a cylindrical surface. In an
inhomogeneous magnetic field, a magnetic-bottle force FB is
acting on the electron’s cyclotron orbit. Since the internal atomic
Coulomb forces FCoul cancel, the net trapping force Fnet is
equivalent to the average magnetic-bottle force FB.
Laser cooling and trapping methods have been used to
study atoms, ions, molecules, and plasmas, leading to an
unprecedented level of control for the systems [1–4]. The
ability to trap cold atoms in highly excited Rydberg states
[5], as has been proposed by a number of authors [6–8],
may also open new avenues in a variety of fields, including
quantum information processing [9–12] and coherent con-
trol of Rydberg interactions in cavity-QED experiments
[7,13,14]. In antihydrogen research [15,16], trapping of the
recombined antihydrogen Rydberg atoms [17] during their
decay into lower-lying states will be crucial for collecting
antiatoms for fundamental symmetry tests. Rydberg-atom
traps could also be used to study collective effects in cold
Rydberg gases [18,19] and perform precision measure-
ments [6].

In this Letter, we report on the trapping of long-lived
high-angular momentum Rydberg atoms of 85Rb in a
superconducting magnetic atom trap with a strong bias
magnetic field of 2.9 T [20]. In a classical picture, the
Rydberg electron in these atoms [21,22] follows character-
istic E� B drift orbits which resemble charged particle
orbits in Penning traps [Fig. 1(a)]. These guiding-center
drift atoms, presumably observed in recent antihydrogen
experiments [17], are characterized by large and negative
values of the magnetic quantum number (jmj> 100), and
are expected to live for hundreds of ms [23]. To produce
drift atoms, we first laser excite low-jmj Rydberg atoms. In
the following tens of �s, these atoms undergo collisions
with free electrons and presumably with other Rydberg
atoms [24,25]. These collisions involve transient transverse
electric fields which can cause m mixing and thereby
partially transform the population into high-jmj drift
Rydberg states. The free electrons may be generated
through Penning-ionizing collisions between Rydberg
atoms, which have been observed to generate free electrons
with energies in the range of 10 meV at low magnetic field
[26]. Indeed, these collisions may be favored in strong
magnetic fields due to the large permanent electric quad-
rupole moments which characterize strongly magnetized
Rydberg atoms. Free electrons may also be generated by
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photoionization of a small fraction of trapped atoms by
spurious ionizing radiation in the laser pulse (amplified
spontaneous emission). Experimental evidence suggests
that, under typical conditions in our trap, �1% of the
initially excited Rydberg atoms evolve into high-jmj drift
states. The details of this evolution will be further
investigated.

The magnetic trapping of high-jmj Rydberg atoms in a
strong, nonuniform magnetic field B can be understood by
examining the magnetic-dipole potential experienced by
the Rydberg electron [Fig. 1(b)]. Since the internal atomic
Coulomb forces (FCoul) cancel, the magnetic force on the
Rydberg electron (FB) equals the net trapping force on the
entire Rydberg atom. Neglecting the magnetic moment
due to the magnetron motion of the Rydberg electron, the
quantum-mechanical trapping potential VR�r� for drift
1-1 © 2005 The American Physical Society
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FIG. 2 (color online). (a)–(d) Phosphor images of electrons
from field ionization at different times of Rydberg-atom detec-
tion. Each dot represents a field-ionized Rydberg atom. The
decrease in the Rydberg counts is discussed in the text.
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Rydberg atoms equals the free-electron potential, which is,
in atomic units [27],

VR�r� � �nc �ms � 1=2�jB�r�j � ��effjB�r�j: (1)

Here, nc and ms are the cyclotron and electron spin quan-
tum numbers, respectively, and �eff denotes the compo-
nent of the effective magnetic moment of the Rydberg
atom parallel to B. The trapping potential does not depend
on m because drift Rydberg atoms have negative m, as
explained in Ref. [23]. In classical electrodynamics, VR�r�
is equivalent to the potential that is responsible for
magnetic-bottle forces on charged particles parallel to
B-field lines [28]. Note that in Eq. (1), �eff is always
negative, implying that all atoms would be low-field seek-
ing and could therefore be magnetically trapped.

However, if we consider the Rydberg electron’s magne-
tron motion, we find a mitigating positive contribution to
�eff due to the antiparallel nature of the magnetron and
cyclotron magnetic moments. For example, consider the
special case of planar motion of the Rydberg electron in the
plane transverse to B. In this case, the E� B-drift velocity
of the Rydberg electron and the area of the circular mag-
netron orbit yield a magnetron magnetic moment of� 1

B�e
,

where the radius of the magnetron orbit, �e, is related to the
magnetic quantum number via m � � 1

B�3
e
� 1

2B�
2
e . Thus,

for planar drift states the magnetic moment is

�eff � ��nc �ms � 1=2� �
1

B�e
: (2)

The positive correction term caused by the magnetron
motion obviously reduces the magnetic-trapping force
and, for sufficiently small �e, reverses the sign of �eff .
Therefore, due to the magnetron motion not all drift
Rydberg states are magnetically trapped.

In the experiment, cold Rydberg atoms are generated
through two-stage laser excitation on a 5 Hz cycle. 85Rb
atoms are first laser cooled to the Doppler temperature
(�140 �K) and magnetically trapped at 2.9 T in a super-
conducting Ioffe-Pritchard trap [20]. After laser excitation
from the 5S (ground) to the 5P state, the atoms are further
excited by a pulsed dye laser (10 ns duration, 3 mJ=pulse)
to a Rydberg state with an energy 6:5 cm�1 below the
ionization threshold. In the B-field-free case, this binding
energy would correspond to a principal quantum number
n � 130 and to atomic diameters of � 2 �m. On a time
scale of tens of �s, the laser excited Rydberg atoms
undergo m-mixing collisions [29] and partially evolve
into drift states. At a variable time t after the laser excita-
tion, Rydberg atoms in the trap region are imaged and
counted with background-free field ionization (FI). By
applying an electric field ramp to the Rydberg atoms, the
weakly bound electrons are stripped from their parent
atoms and guided down the B-field lines onto a double
micro-channel plate and phosphor screen located 47 cm
from the trap center. The strong B field provides high
collection efficiency and maintains the spatial information
24300
of the Rydberg cloud because the electrons remain pinned
to the B-field lines passing through the parent atoms.
Because of details in the magnetic field topology, the
circular cross section of the atom cloud is mapped onto
an elliptical area with an aspect ratio of 23:1.

Spatially resolved images of the Rydberg-atom clouds
for FI-delay times up to 110 ms are shown in Fig. 2. The
result indicates both the formation and the trapping of drift
Rydberg atoms. First, atoms detected after 10 ms are pre-
dominantly in drift states because laser excited low-jmj
Rydberg atoms have much shorter radiative decay times.
Second, the spatial distribution of Rydberg atoms at times
up to 110 ms is not significantly different from that after
10 ms, suggesting that the atoms are trapped. Note that in
110 ms the center of mass of a free-falling atom cloud
would have dropped 6 cm, equivalent to 3 times the vertical
range of view corresponding to the phosphor screen’s
diameter.

The decay of the population of trapped Rydberg atoms is
further investigated in Fig. 3 (filled circles). Rydberg atoms
are detected in the trap region at times up to 200 ms after
the initial excitation. One out of 105 laser excited low-jmj
Rydberg atoms survives for 200 ms. The lifetime extracted
from the decay curve increases from� 10 ms for detection
times less than 80 ms to � 80 ms thereafter. We believe
that most of the decay is due to radiative transitions into
lower-lying states that cannot be detected or into high-
field-seeking states that are expelled from the trap.
Because of the low radiation temperature (4 K) and the
low densities of trapped drift Rydberg atoms, decay of the
Rydberg atoms due to thermal ionization or ionizing
Rydberg-Rydberg collisions is unlikely.

To verify magnetic confinement, we have performed a
reference measurement with the transverse confinement
coils turned off. In this mode of operation, the field ampli-
tude has a saddle point at the trap center (Fig. 3, inset for
1-2
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FIG. 4 (color online). (a) An increase in the trap depth can
cause two types of oscillatory motion of the Rydberg-atom
cloud. (b) The vertical profile of the cloud is obtained by
integrating the phosphor screen images along the horizontal
direction. One-dimensional vertical profiles of the clouds at
different Rydberg-atom detection times show (c) breathing and
(d) sloshing motions of the Rydberg-atom cloud. (e) Circles:
standard deviations of the distributions in (c) vs Rydberg-atom
detection time. Lines: simulation results (explained in the text).
(f) Average positions of the distributions in (d) vs detection time.
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FIG. 3 (color online). Rydberg-atom counts vs time of
Rydberg-atom detection, averaged over 500 cycles. Trap
ON: Measurement results for a typical trapping configuration.
Filled circles: initial Rydberg-atom number 105 and density
107 cm�3. Half-filled circles: initial Rydberg-atom number 104

and density 106 cm�3. Trap OFF, open circles: Measurement
result with the transverse confinement coils turned off and with
an initial Rydberg-atom number 105 and density 106 cm�3. The
systematic background count is less than 0.02 per shot.
Insets: The B-field magnitude has a minimum at the center
location in the trap-on case, while it has a saddle point in the
trap-off case.
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trap-off case), and atoms are expelled from the trap region
in the directions transverse to the B field. As expected,
without the transverse confinement the measured Rydberg
counts (open circles) reveal a significantly faster decrease
of the population. The number of Rydberg atoms detected
at 40 ms delay is a factor of 400 less than the number
detected with the trap enabled.

Without the transverse confinement, the initial density of
Rydberg atoms that can be achieved is reduced by about a
factor of 10 with respect to the trap-on case. Therefore, one
may suspect that the difference between the trap-on case
(filled circles) and the trap-off case (open circles) of Fig. 3
mostly lies in the lack of collisions that promote Rydberg
atoms from their initial state into the long-lived drift states.
In order to exclude this possibility, we have performed a
trap-on measurement in which the initial density of
Rydberg atoms has been reduced to a value equivalent to
that of the trap-off case. The result (half-filled circles in
Fig. 3) affirms that it is indeed the magnetic confinement,
not the density, which is responsible for the long dwell
times of the Rydberg atoms in the detection region, ob-
served in the trap-on case.

Considering Eqs. (1) and (2) and noting that the ground-
state magnetic moment is, in our case, �G � �

1
2 , the

average trapping force becomes stronger by a factor
2�eff as ground-state atoms are excited and evolve into
magnetically trapped drift Rydberg states. Because of the
sudden change in trap depth, spatial oscillations of
Rydberg clouds are expected [Fig. 4(a)]. With the known
24300
value of the oscillation period of the ground-state atom trap
(52 ms), the measured oscillation period of the Rydberg
cloud provides information on the average value of �eff .

The center-of-mass position of the ground-state atom
cloud can be adjusted by varying the detailed radiation-
pressure conditions in the atom trap. In Fig. 4(c), the initial
cloud position is close to its equilibrium position, leading
to a Rydberg-atom cloud evolution that is strongly domi-
nated by a breathing-mode oscillation. A modulation in the
size of the atom cloud is observed as the Rydberg-atom
detection time is varied. In Fig. 4(e), the standard deviation
of the distributions measured in Fig. 4(c) is plotted vs the
detection time (circles). The breathing-mode oscillation
period is determined to be � 9 ms. Considering that the
breathing frequency equals twice the fundamental oscilla-
1-3
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tion frequency, it is concluded that ��eff � �4:0 (overbar
represents an ensemble average), indicating an order of
magnitude increase in trap depth in comparison with
ground-state atom trapping (�G � �1=2).

The breathing-mode oscillation in Fig. 4(e) displays a
pronounced decay of the oscillation amplitude. This is
attributed to the fact that different atoms, with different
�eff , oscillate at different frequencies, leading to inhomo-
geneous dephasing and to a decay of the net oscillation
signal. To obtain an estimate for the width of the �eff

distribution, we have fit the data assuming Gaussian proba-
bility distributions of �eff with an average ��eff � �4:0
and a variable width. We have found best agreement for a
standard deviation ��eff � 1:4 (dotted line). The agree-
ment between experimental data and simulation is im-
proved considerably by shifting the fitted result by
�2 ms (solid line). We believe that this phase shift is due
to transient forces acting on the Rydberg atoms during the
initial stages of their evolution from low jmj into drift
states.

A sloshing motion of the Rydberg-atom cloud can be
induced by initially creating the Rydberg-atom cloud with
a displacement from the equilibrium position [Figs. 4(d)
and 4(f)]. As expected, the oscillation period of the slosh-
ing motion of the average cloud position is found to be
�18 ms, i.e., twice the period of the breathing oscillation.

Rydberg atoms in strong magnetic fields have several
properties which we believe have been beneficial in real-
izing a robust trap. We have found in calculations that the
majority of drift Rydberg atoms produced are attracted to
the minimum of the B field, regardless of their internal
states, and are therefore suitable for magnetic trapping. As
a result, state-changing collisions and radiative interactions
are quite unlikely to turn a magnetically trapped Rydberg
atom into an untrapped one. Further, Rydberg atoms in
strong magnetic fields are nondegenerate and have no
permanent electric dipole moments, and, consequently,
their susceptibility to electric fields is lower than that of
most Rydberg states in weak fields. Therefore, strong-
magnetic-field Rydberg-atom traps are less likely to be
compromised by stray electric fields than low-magnetic-
field ones.

In summary, we have demonstrated the magnetic trap-
ping of drift Rydberg atoms produced by Rydberg-atom
collisions. The observation of oscillatory motion of Ryd-
berg atoms in the magnetic potential has provided the most
compelling evidence that long-lived Rydberg atoms have
been trapped. A common principle of all Rydberg-atom
trapping methods is that, due to the quasifree nature of the
Rydberg electron, the Rydberg energy levels can be easily
varied in a controlled manner by inhomogeneous external
fields. We believe that this general quality of Rydberg
atoms will be important in other Rydberg-atom trapping
methods that might emerge in the future.
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