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Laser Cooling and Magnetic Trapping at Several Tesla
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Laser cooling and magnetic trapping of 85Rb atoms have been performed in extremely strong and
tunable magnetic fields, extending these techniques to a new regime and setting the stage for a variety of
cold atom and plasma experiments. Using a superconducting Ioffe-Pritchard trap and an optical molasses,
2:4� 107 atoms were laser cooled to the Doppler limit and magnetically trapped at bias fields up to 2.9 T.
At magnetic fields up to 6 T, 3� 106 cold atoms were laser cooled in a pulsed loading scheme. These bias
fields are well beyond an order of magnitude larger than those in previous experiments. Loading rates,
molasses lifetimes, magnetic-trapping times, and temperatures were measured using photoionization and
electron detection.
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Laser-cooling and magnetic-trapping methodologies
have revolutionized atomic physics in recent years, paving
the way for the realization of Bose-Einstein condensation
[1] and opening up new regimes in collision physics [2],
high-precision spectroscopy [3], and plasma physics [4]. In
most of these experiments, electromagnetic coils have been
used to generate shallow traps with modest bias magnetic
fields that inhibit Majorana flops [5] and thereby reduce
trap loss. Permanent [6] and superconducting magnets
[7,8] have been used to develop deeper magnetic traps
with bias magnetic fields up to 0.16 T [7].

In this Letter, we report on laser cooling in variable
magnetic fields up to 6 T and magnetic trapping at fields
up to 2.9 T in a superconducting Ioffe-Pritchard trap. While
our results open multiple research frontiers, strong-mag-
netic-field neutral-atom traps may have the largest impact
on cold Rydberg gas and plasma studies. Low magnetic-
field experiments on these systems have been performed in
magneto-optical traps [4]. In strong magnetic fields, the
bound electron cyclotron radius can be less than the size of
Rydberg atoms (103–104a0 where a0 is the Bohr radius), at
which point the internal dynamics of Rydberg atoms are
fundamentally altered. Strongly magnetized high-angular
momentum Rydberg atoms, unlike their chaotic low-
angular momentum counterparts [9], are expected to sup-
port regular orbits [10] and have exceptionally long life-
times [11]. These states are predicted to be preferentially
populated by three-body recombination (TBR) in strongly
magnetized cold plasmas [12]; this has recently been seen
in the formation of antihydrogen in cold antiproton-
positron plasmas [13]. TBR is a significant plasma heating
mechanism which has frustrated efforts to realize a
strongly coupled two-component plasma at low magnetic
fields [14]. In strong magnetic fields, TBR and the asso-
ciated plasma heating are predicted to be significantly
suppressed [12], possibly allowing one to realize a strongly
coupled two-component plasma in this regime.
Additionally, by supplementing strong-magnetic-field
neutral-atom traps with suitable electrodes, ion or electron
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plasmas can simultaneously be confined in a Penning
geometry at the same location as the trapped neutral atoms.
The development of this interface is critical for the efforts
to trap and study antihydrogen [13] and extends parallels
with laser-cooled strongly coupled ions in Penning traps
[15].

The cornerstone of our experiment is a custom-designed
superconducting Ioffe-Pritchard magnet [16] with a liquid-
helium cryopumped UHV interior and optical access along
all three axes. The magnet, which consists of dipole and
quadrupole coils as shown in Fig. 1(a), generates a mag-
netic field which near its center can be written

B�r� � B0

�
1�

�2 � �
2

�x2 � y2� � �z2
�
: (1)

The bias field B0 at the trap center is oriented along the z
axis and B0� and B0� are the longitudinal curvature and
transverse Ioffe gradient, respectively. The two large di-
pole coils provide the strong bias field B0 � 6:0 T and are
separated enough to produce longitudinal magnetic con-
finement (� � 2:2� 10�3 cm�2 is fixed by the coil ge-
ometry). The quadrupole coils, which serve as the Ioffe
bars, carry equal currents in opposite directions and pro-
vide transverse magnetic-field gradients B0� up to
0:75 T=cm in the absence of the bias field. Magnetic-
trapping conditions are realized with simultaneous opera-
tion of the dipole and quadrupole coils; in our system, this
mode of operation is possible up to B0 � 2:9 T (with a trap
depth of � 0:03 T � kB=�B � 20 mK; kB is Boltzmann’s
constant and �B is the Bohr magneton). Laser cooling
without transverse confinement (� � 0:0 T=cm) can be
performed up to B0 � 6:0 T.

The trap is loaded with a continuous accelerated cold
atomic beam of 85Rb from a pyramidal low velocity intense
source (LVIS) [17] located 68 cm from the center of the
superconducting trap, as indicated in Fig. 1. The water-
cooled copper LVIS coils are driven independently in order
to generate the necessary magnetic-field zero and modest
3-1  2005 The American Physical Society



FIG. 1 (color online). (a) The pyramidal LVIS and strong-
magnetic-field trap are shown schematically (the nearest sections
of the magnets are cut out for clarity). (b) Magnetic field along
the axis of the dipole coils for B0 � 2:9 T, where the LVIS field
has been scaled by 20� . The strong-magnetic-field energy level
scheme, laser cooling, and photoionizing transitions are shown at
the upper left.
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gradient (�10 G=cm) in the tail of the superconducting
magnet field for any B0. Atoms leaving the LVIS region are
further accelerated by a narrowly focused (500 �m beam
waist) and slightly divergent laser beam aligned parallel to
the atomic beam generated by the LVIS. This high intensity
(100–300 mW=cm2) acceleration-laser beam is tuned to
the blue ( � 10–25 MHz) of the LVIS laser and is critical
for the atoms in low-field-seeking states to reach sufficient
velocity to climb the potential barrier presented by the
strong magnetic field. At 6 T, a velocity larger than
28 m=s ( �

��������������������
2�BB=M

p
; M is the atomic mass) is required

for 85Rb. No loading is seen without this accelerating laser.
In the LVIS and during the acceleration, atoms in the level
5S1=2F � 2 are repumped to 5S1=2F � 3 through
5P3=2F0 � 3 by optical sidebands on the trapping and
accelerating beams [18]. The repumping also ensures that
the atoms are in the low-field-seeking state 5S1=2jF � 3,
mF � �3i � 5S1=2jmJ � �1=2, mI � �5=2i when they
enter the region of strong magnetic field.

Laser cooling in the superconducting atom trap is per-
formed along all three axes by counterpropagating optical
molasses beams, which are tuned slightly to the red of the
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5S1=2jmJ � �1=2, mI � �5=2i ! 5P3=2jmJ � �3=2,
mI � �5=2i transition. Spontaneous decay repopulates
the 5S1=2jmJ � �1=2, mI � �5=2i state, making this a
robust cycling transition. Optical pumping out of this
cooling cycle is highly suppressed. At B0 � 3 T and I �
Isat (Isat � 1:6 mW=cm2), scattering into the 5S1=2jmJ �

�1=2, mI � �5=2i state through the far-detuned
5P3=2jmJ � �1=2, mI � �5=2i state occurs at an esti-
mated rate of 10 mHz. Further, the relatively weak hyper-
fine interaction I 
 J offers a nonzero probability of making
a transition to the 5P3=2j � 3=2, �3=2i � �5P3=2j � 1=2,
�5=2i state which is only 40 MHz redshifted from the
laser-cooling transition. At B0 � 3 T, j�j2 � 7� 10�7,
leading to a scattering rate of 40 mHz into the state
5S1=2j � 1=2, �3=2i. These rates are low enough to allow
significant atom accumulation in the target state without
repumping.

Because of the large and variable Zeeman shift of the
cooling transition relative to the field-free one (84 GHz at
B0 � 6 T), the molasses laser cannot be stabilized using
conventional saturation spectroscopy. Instead, it is stabi-
lized to within a few MHz using a homebuilt temperature-
stabilized and pressure-tuned Fabry-Perot interferometer
[19]. The six molasses beams have 6 mm FWHM, 0.6–
30 mW in total power, and are linearly polarized transverse
to the magnetic field.

The cooled and trapped atoms are counted on a �rep �

10 Hz cycle through two-step photoionization and electron
detection, as indicated in Fig. 1(b). During a brief (5 �s)
‘‘probe’’ phase, the molasses light is blue shifted by 8 MHz
and increased in intensity (I � Isat) to maximize excita-
tion to the 5P3=2jmJ � �3=2, mI � �5=2i state. A coin-
cident blue laser pulse (10 ns pulse width) is tuned a few
meV above the ionization threshold (� < 479:1 nm) and is
large enough to uniformly photoionize the 5P3=2 atoms in
the trap. At a pulse energy of � 0:3 mJ=pulse, the proba-
bility of ionizing a ground state atom was measured to be
Pion � 1:6� 10�3 (see below). A constant electric field of
5 V=cm applied by electrodes around the trap region forces
the electrons down the magnetic-field lines onto a double
microchannel plate (MCP) and phosphor screen 47 cm
away from trap center. A charge-coupled device (CCD)
camera records the electron counts on the phosphor screen.
The number of electrons Ne counted in a single-shot mea-
surement depends on the number of atoms in the trap
region as Ne � �col�MCPPionNa, where �col and �MCP

are the geometric collection efficiency and the MCP effi-
ciency, respectively, and Na is the atom number.

The steady-state spectral signature of atoms slowed and
cooled from the atomic beam into the magnetic trap (B0 �
2:9 T, �B0 � 0:32 T=cm) is shown by the filled dots in
Fig. 2(a). A prominent peak, which is asymmetric and
narrower than the natural linewidth, demonstrates the sen-
sitive frequency dependence of laser cooling in the strong
magnetic field. Simulations show that the steep, high-
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FIG. 3. (a) Loading (filled circles) and lifetime (open circles)
curves for optical molasses in the 2.9 T Ioffe-Pritchard trap.
(b) Number of electrons detected as a function of delay time after
loading when photoionizing pulses are applied at 10 Hz (small
filled circles, left axis), supplemented with the running sum
(dotted line, right axis) in order to count the magnetically
trapped atoms. Measurement at 0.1 Hz (open circles, left axis)
provides a trap lifetime. Solid line is a linear fit.

-40 -20 0 20 40 60 80 -6 -3 0 3 6x-
in

te
gr

at
ed

 s
ig

na
l (

ar
b.

 u
n.

)

y (mm)Frequency detuning (MHz)

E
le

ct
ro

n 
co

un
ts

 (
ar

b.
 u

n.
)

1mmz
y

phosphor
screen

yMCP

xMCP

(a) (b)

FIG. 2 (color online). (a) The number of photoelectrons ob-
tained from trapped atoms (filled circles) and from the uncooled
atomic beam (open circles, magnified 500�) vs probe fre-
quency. The optical frequencies are referenced to the atomic
transition at the trap center. The inset shows an optical image of
the trap taken from a direction transverse to the magnetic field.
(b) The x-integrated spatial profile of the atom cloud as a
function of the y position (circles) and Gaussian fit (line) from
a CCD image of electrons streamed onto the MCP and phosphor
screen (inset).
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energy side of the line coincides with zero detuning from
resonance at the bottom of the trap. On the peak, 2:4� 107

trapped atoms are counted as explained below. For com-
parison, a spectrum of the atomic beam—which is taken
with the molasses laser switched off during the laser-
cooling phase—is also shown in Fig. 2(a) (open dots, scale
magnified 500�). As expected, the atomic-beam spectrum
is characterized by a broad and weak peak at and above the
transition frequency at the trap center.

The spatial distribution and temperature of the laser-
cooled atomic cloud can be obtained by examining the
image of the electrons generated through photoionization.
Since the photoelectrons are tightly pinned to the
magnetic-field lines that pass through the parent atoms,
the photoelectrons maintain spatial information about the
atom cloud as they stream down the magnetic-field lines
and strike the MCP. An image of the electrons on the
phosphor screen is shown in Fig. 2(b). The electron image
of the atom cloud is magnified and elliptically distorted
due to the magnetic-field decrease between the atom cloud
and the MCP-phosphor screen and the lack of cylindrical
symmetry of the quadrupole fields. Area densities of
trapped atoms at atom-cloud coordinates �x; y� are obtained
from signal densities measured at MCP-screen locations
�xMCP; yMCP� using a mapping function �xMCP; yMCP� !
�x; y� that has been calculated for the given magnetic-field
topology.

The temperature of the atom cloud can be obtained by
integrating the atom area density along the x axis and
examining the dependence of the resultant spatial distribu-
tion on y. For atoms at temperature T in the harmonic trap
defined in Eq. (1), the spatial distribution along the trans-
verse y dimension should take the form

n�y� � n0e
�y2=2�2

T � n0e��BB0��2���y2=2kBT (2)
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where �T is the transverse root-mean-square radius. The
measured spatial distribution of atoms along the y axis,
shown by circles in Fig. 2(b), is fit by Eq. (2) (line),
revealing �T � 0:84 mm and a transverse temperature
TT � 140 �K. An optical image of the trap fluorescence,
shown in Fig. 2(a), yields �T � 0:80 mm and �L �
1:5 mm which corresponds to TT � 125 �K and TL �
185 �K, respectively, where �L and TL are the longitudi-
nal root-mean-square radius and temperature. Therefore,
the trapped atoms are cooled to near the Doppler limit
(140 �K). The atom number and trap size measurements
yield atom densities of 2� 109 cm�3.

Important measures for the performance of optical mo-
lasses and atom traps are loading times and lifetimes.
Typical loading and lifetime curves are shown in
Fig. 3(a) for the molasses in the Ioffe-Pritchard trap with
B0 � 2:9 T, �B0 � 0:32 T=cm, and I � 1:6 mW=cm2.
The loading curve for the initially empty trap, shown by
the filled circles, is obtained by turning on the acceleration-
laser beam at t � 0 and reveals a loading rate on the order
of 106 s�1. Based on estimates of velocities and densities
of the atoms passing through the trap region (10 m=s and
105 cm�3, respectively), we deduce a capture efficiency
for these atoms on the order of a few percent. Lifetime
curves showing the number of atoms remaining in an
initially filled molasses are obtained by turning off the
LVIS at t � 0. The lifetime curve displayed in Fig. 3(a)
by open circles is well fit by an exponential with a decay
time of �mol � 10 s. Trap loss on this time scale could be
due to the optical pumping mechanisms into untrapped or
dark states discussed above.

Once atoms are laser cooled in a magnetic field with 3D
confinement, the optical fields can be turned off and, in
accordance with the measured low temperature, nearly
100% of the laser-cooled atoms remain magnetically
trapped. The large open circles in Fig. 3(b) show the
number of atoms remaining in the magnetic trap after a
time t, where the molasses laser is turned off at t � 0 and
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the atoms are probed every 10 s. In this case, the trap
depletion due to the photoionization is negligible. An
exponential fit to the data yields a decay rate �bg �

�71 s��1, consistent with a background pressure in the
10�10 Torr range.

The number of atoms in the magnetic trap is determined
by the application of photoionizing pulses at a repetition
rate of �rep � 10 Hz and accumulation of the total number
of detected photoelectrons, Nsum

e . Evaluation of Fig. 3(b)
yields a total trap decay rate of � � �33 s��1 and Nsum

e �
1:4� 106. Noting that � � �bg � �repPion, a single-pulse
photoionization probability Pion � 1:6� 10�3 is deduced.
The fraction of atoms removed from the trap by photo-
ionization (and not by background gas collisions) is found
to be �PI � �repPion=� � 0:53. From the fit to the image in
Fig. 2(b) and the corresponding mapping function �x; y� !
�xMCP; yMCP�, the geometrical photoelectron collection ef-
ficiency was determined to be �col � 0:28� 0:03. The
electron detection efficiency of the MCP is assumed to
be �MCP � 0:4� 0:1. The number of magnetically trapped
atoms at t � 0 then is Na � Nsum

e =��PI�col�MCP� �
�2:4� 0:7� � 107.

Leaving the quadrupole coils off (� � 0:0 T=cm), we
have slowed and laser-cooled atoms in bias fields up to
B0 � 6 T. In this mode of operation, the efficiency is
reduced due to the negative curvature of the magnetic field
along the transverse axes [as seen by Eq. (1)], which
prevents magnetic trapping and limits the optical molasses
lifetime to 10’s of ms. At B0 � 6 T, we have maintained
2� 105 atoms in a 30 mW continuous molasses. Using a
pulsed atomic beam to load the molasses, we have
achieved peak atom numbers of 3� 106 and densities of
4� 107 cm�3.

In summary, we have performed laser cooling in variable
bias magnetic fields up to B0 � 6:0 T and achieved mag-
netic trapping up to B0 � 2:9 T in a superconducting Ioffe-
Pritchard trap. We are currently exploring the field ioniza-
tion of Rydberg atoms at fields up to B0 � 6:0 T. Utilizing
the higher densities and lower temperatures available at
B0 � 2:9 T, we investigate collisions in cold Rydberg
gases and TBR in cold plasmas. We are also characterizing
the properties of the Ioffe-Pritchard neutral-atom trap com-
bined with a Penning trap for charged particles [20]. To
date, the system described in this letter is the only one
capable of trapping both neutral and charged particles at
the same point in space.
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