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Shaking-induced cooling of cold atoms in a magnetic trap

M. Kumakura, Y. Shirahata, Y. Takasu, Y. Takahashi, and T. Yabuzaki
Department of Physics, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan

~Received 15 May 2003; published 27 August 2003!

By shaking a magnetic trap spatially, trapped cold Rb atoms are either heated or further cooled, depending
on the shaking frequency. The atom temperature as a function of shaking frequency exhibits a dispersion-
shaped resonance, which is caused by frequency selective energy absorption due to the anharmonicity of the
trap potential. Selective heating of high-energy atoms enhances their loss, which can result in cooling rather
than heating of a trapped atomic cloud.
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Laser-cooled atomic gases and their quantum degene
states are fascinating systems for studying classical an
quantum nonequilibrium dynamics due to their high contr
lability, good optical accessibility, and wide applicability@1#.
So far, novel research on nonlinear classical and/or quan
system such as, for example, quantum chaos in kicked at
@2#, chaos-assisted tunneling@3#, and atom-optics billiards
@4# has been done.

As seen in these studies, nonlinear dynamics of cold
oms is expected to reveal a rich variety of physical pheno
ena. In this paper, as an example of such an investigation
will report on the thermal effect for a confined atomic clo
caused by spatially shaking the magnetic trap. It could
expected that the shaking would result in only heating of
trapped atoms because they are subjected to the forced o
lation introduced by the shaken trap potential. We have, h
ever, observed unexpectedly that the shaking induces
only heating but also cooling of the trapped atomic cloud

The experimental procedure is as follows. By means o
double magneto-optical trap~MOT! system @5#, approxi-
mately 13109 87Rb atoms were, at first, collected and las
cooled in a high-vacuum glass chamber. The backgro
pressure was about 731029 Pa. The laser-cooling transitio
for the MOT is 52S1/2(F52)→52P3/2(F53) (l
5780 nm), and the 52S1/2(F51)→52P3/2(F52) transition
is also used for repumping the atomic population escap
from the cooling cycle. Next, after turning off the lasers a
the magnetic field for the MOT, the atoms were cooled f
ther with the polarization gradient cooling method@6# by
using the cooling transition. After these optical cooling pr
cesses, the cold atoms were optically pumped into the m
netic sublevel F52,mF52 by using the 52S1/2(F52)
→52P3/2(F52) transition under a small bias magnetic fie
of about 5 G, and were transferred into the magnetic tra

The magnetic trap consisted of 12 coils placed in the c
verleaf configuration@7# ~Fig. 1!. The axial magnetic field
~along thez direction in Fig. 1! was approximately harmoni
and its gradientBz9 was about 140 G/cm2. On the other hand
the radial magnetic field~approximately a quadrupole field!
for the confinement was applied with the gradient coils. T
radial field gradientBr8 was almost constant~about 180
G/cm! and the radial field was nearly zero at the center of
trap. The magnetic-field strength at the trap center was a
1.2 G, which corresponded to the minimum magnetic-fi
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strength B0 of the trap. The oscillation frequencies of
trapped atom along the radial and axial directions at the
center ~denoted byv r and va , respectively! were about
2p3210 Hz and 2p316 Hz, respectively. The cutoff en
ergy for this trap was about 4.8 mK, which was caused b
magnetic field generated at a radio frequency~RF! of 50
MHz.

After the loading into the magnetic trap, the atom clo
was thermalized for 1 s. The number of trapped atoms w
typically 23108 and the temperature was about 1 mK. T
diameter of the atom cloud was about 2 mm along the ra
direction, and the length was about 5 mm along the ax
direction. The lifetime was about 90 s, and without shak
the magnetic trap the temperature was almost constan
more than 5 s.

We shook sinusoidally the magnetic trap for 2 s along the
radial direction by varying sinusoidally the vertical bia
magnetic field~the shaking frequency is denoted byns here-
after!. This shaking induces a forced oscillation to the moti
of the trapped atoms. The amplitude of the trap shaki
hereafter denoted byD, was typically 0.5 mm. After shaking
the trap, the atomic cloud was thermalized for 3 s and was

FIG. 1. Experimental setup for the magnetic trap~upper figure!
and the magnetic-field strengths along the radial~lower left! and
axial ~lower right! directions (uBr u anduBzu, respectively!. The hori-
zontal lines in the lower two figures indicate the cutoff energy of
trap, and only atoms colder than this cutoff are confined in the t
©2003 The American Physical Society01-1
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released from the trap by turning off all magnetic fields. T
temperature and atom number of the atom cloud were m
sured after a time of flight of 5 ms by the absorption imag
method.

The temperature and atom number as functions of
shaking frequencyns are shown in Fig. 2~a!. As one might
expect, atns larger than 40 Hz the atom cloud in the trap w
heated by the shaking. However, thens dependence of the
temperature shows a resonant behavior with a disper
shape. Atns less than 40 Hz the cloud was cooled, and
temperature became a minimum at 35 Hz. This resona
frequency is much less thanv r /2p and is much larger than
va/2p. At ns around 80 Hz, i.e., at the second harmonic
40 Hz, the depression of the heating is also seen. The a
number decreased at about 40 Hz and 80 Hz correspon
to the resonance frequencies seen in the temperature@8,9#.
We calculated the phase-space density at the trap cente
noted byr hereafter, from the temperature and atom numb
and found thatr was increased by a factor of about 2 at
Hz in the above case.

FIG. 2. Temperature~solid circles! and atom number~open
circles! as functions of the shaking frequency for the initial tem
peratures of 1.3 mK~a! and 0.36 mK~b!,~c!. The cutoff RF fre-
quency is about 50 MHz~corresponding to 4.8 mK! for ~a! and~b!,
and is 20 MHz~2.0 mK! for ~c!. The minimum magnetic field at the
trap center is 1.2 G. Dotted and dashed lines in each figure show
atom number and temperature without shaking, respectively.
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When the initial temperature was decreased by apply
the RF magnetic field for evaporative cooling@10# before
shaking, thens dependence of the temperature after shak
changed dramatically. At the initial temperature of 0.36 m
the atom cloud was only heated and no cooling effect co
be observed over the whole range ofns @Fig. 2~b!#. As ns
was increased, the temperature rose rapidly at about 60
and this heating effect continued in the range of higherns .
The dispersion-shaped resonance observed at the initial
perature of 1.3 mK@Fig. 2~a!# was not seen, but the atom
number decreased significantly at about 45 Hz. In this c
the value ofr was only decreased by shaking.

Nevertheless, as seen in Fig. 2~c!, even at this initial tem-
perature of 0.36 mK, the cooling effect was reproduced wh
the trap cutoff energy was decreased from 4.8 mK to 2 m
by applying a RF magnetic field with a frequency of 2
MHz. The ns dependence of the temperature shows
dispersion-shaped resonance again, and the resonance
quency was about 70 Hz, which was approximately t
times larger than that in the case of the previous initial te
perature of 1.3 mK. The atom number also decreased r
nantly at this frequency and at the second harmonic.

To make clear the role of the cutoff energy, we show t
absorption images after shaking for these two cutoff energ
in Fig. 3, which were obtained at the same initial temperat
~0.36 mK! and at the same shaking frequency~53 Hz!. The
upper right image shows the case that the cutoff energy is
mK ~the RF field frequency of about 50 MHz!. In this case
we see that the off-centered atoms having high initial en
gies were selectively heated and diverged in the trap by sh
ing. The cutoff energy in this case is too high for heat
atoms to escape from the trap. The atoms with low init
energies remained cold in the vicinity of the trap center,
spite of shaking. On the other hand, when the cutoff ene
was decreased to 2.0 mK~the cutoff RF field frequency of
about 20 MHz!, the atoms heated by shaking escaped eva
ratively from the trap as seen in the lower right image of F
3. These experimental results indicate that the shaking of
trap potential excites confined atoms selectively in ene
and that the observed cooling effect is due to the evapora
of a hot part of excited atoms.

To understand the cause of this energy selective excita
further, we numerically simulated the classical motion of
atom, and estimated the oscillation amplitude as a func
of ns . In this simulation, we only considered one
dimensional motion along the radial direction from the tr
center, ignoring the cross-dimensional anharmonic mix
@11#. We ignored also atomic collisions and hence therm
zation or evaporation processes in the actual atom cloud

The trap magnetic fieldB(x) along the radial axis~the x
axis! can be expressed asB5(Br8x,0,B02Bz9x

2/4), and the
trap potential energyU(x) is approximately expressed a
U(x)5m@B0

21(Br8
22Bz9B0/2)x2#1/2, where m is the mag-

netic dipole moment. In this calculation, field intensity a
gradients were chosen to beB051.2 G, Br85180 G/cm, and
Bz95140 G/cm2, which were the same as in the present e
periment. In this condition, the trap potentialU(x) is well
approximated by the linear functionmBr8uxu except around
the trap center.

he
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FIG. 3. ~Color! Absorption images of the cold
Rb atom cloud after shaking the magnetic tra
The right two images show the ones after sha
ing; the upper and lower ones were observed u
der the trap cutoff energies of 4.8 mK and 2 mK
respectively. The left image indicates the on
without shaking, and the initial temperature wa
0.36 mK in all cases. All these images were me
sured at 5 ms after the release from the magne
trap.
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In the absence of shaking, the atomic motion is de
mined from the equation of motion d2q/dt2

1(1/m)dU(q)/dq50, whereq is the atom position from
the trap center andm is the atomic mass. The time evolutio
of q was calculated by numerically solving this differenti
equation, with the initial condition that the velocityv50 at
the positionq(0) (5q0: the initial oscillation amplitude!, in
order to know the oscillation frequencyv(q0) of the trapped
atom. Theq0 dependence ofv(q0)/2p thus obtained is
shown in the inset of Fig. 4. The frequencyv(0)/2p at the
trap center is in accord with the value ofv r /2p, and with
increasingq0 the frequencyv(q0)/2p decreases rapidly
This q0 dependence is understood as a result of the an
monicity of the trap potential and is determined mainly fro
the linear part of the trap potential~see the dotted line in the
inset in Fig. 4! @12#.

The atom motion in a frame moving with the shaken tr
was determined from the equation of motiond2q/dt2

2Dvs
2sin(vst1u)1(1/m)dU(q)/dq50, where the angula

frequencyvs52pns andu is the relative phase of the sha
ing. The second term represents the seeming acceleration
to the trap shaking, which induces the forced oscillation
the atom motion. It is expected that the shaking energ
most effectively absorbed by the atom with the frequen
v(q0) resonant tovs . To confirm this, we calculated th
time evolution ofq for various values ofq0 and vs by nu-
merically solving the equation of motion under the initi
condition thatv50 andq(0)5q0. The obtainedq(t) oscil-
lated with varying amplitude and frequency, and its ma
mum amplitude max(uq(t)u) strongly depended onq0 andvs .
The maximum amplitude also depended onu slightly, and
was averaged over 0<u,2p. In Fig. 4 we show the ratio o
the average maximum amplitude to the initial amplitud
which will be called amplification factor hereafter.

As seen in Fig. 4, the near resonant atom absorbs
energy of the shaking, but the most efficient absorption
caused by the atom with a slightly higher oscillation fr
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quencyv(q0) ~that is, by the atom with a smallerq0). For
example, at the shaking frequencyns of 25 Hz the oscillation
amplitudeq0 of the resonant atom is calculated to be abou
mm, but the most efficient absorption is caused by the a
with the amplitudeq0 of about 3.3 mm. This may be unde
stood by considering the increase of the amplitude dur
heating; the atom initially resonant for the energy absorpt
becomes off-resonant due to the increase of the oscilla
amplitude, while the atom with a smallerq0 becomes closer
to the resonance and absorbs more energy. Such a pos
feedback causes an abrupt change in the amplification fa
in the low q0 side, and results in the asymmetricq0 depen-
dence of the amplification factor.

In spite of a very simplified model, our theoretical resu
described above explains roughly the experimental re
shown in Fig. 3. As seen in the lower right image in Fig.
showing the case thatns553 Hz, the atom with a radia
amplitude less than about 1 mm remains in the trap, wh
agrees well with the theoretical value ofq0 at which the
atom does not efficiently absorb the shaking energy in
case thatns;40 Hz. From this fact, although the experime
tal condition is slightly different from the theoretical one, w
can confirm again that the radial anharmonicity of the m
netic trap is essential for the selective excitation and coo
observed in the present experiment.

Similar cooling was also observed by Poliet al. @11#,
when the atoms in an optical trap were subjected to param
ric excitation by modulating the intensity of a trap las
beam. In their case the atom excitation was realized by
modulation of the trap shape and depth, which is in go
contrast with the present work where the atom is exci
only by the spatial shaking of the magnetic trap witho
changing the trap shape and depth. In both cases, the co
mechanism is due to the energy selective excitation
evaporation of heated atoms. However, an optical trap is g
erally much shallower and smaller, so that it is difficult
observe directly the processes of excitation and evapora
1-3
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in the trap. On the other hand, a magnetic trap is m
deeper and wider than an optical trap, and, moreover,
using a RF magnetic field we can arbitrarily change the c
off energy of the trap without changing the trap shape. O
ing to these advantages we successfully observed the dy

FIG. 4. Theoretical amplification factor, defined by the ratio
the oscillation amplitudes of confined atoms after and before sh
ing. The pointsd, s, 3, andn represent the cases in which th
shaking frequencies are 25, 40, 50, and 60 Hz, respectively. T
were obtained by classical simulation of atomic motion in the rad
direction with the same parameters as in the present experim
(B051.2 G, Br85180 G/cm, andBz95140 G/cm2). The solid line
in the inset shows the initial amplitudeq0 dependence of the oscil
lation frequencyv(q0)/2p, and the dotted line shows the case
which the potential is approximated to be linear.
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ics of the atom cloud directly, and obtained the evidence
the energy selective excitation as shown in Fig. 3.

In an optical trap, heating induced by the laser pointi
noise has been theoretically investigated@13#; however, the
energy selectivity in the excitation has not been studied
contrast, we used the controlled shaking of the magnetic
and observed the energy selectivity and the cooling succ
fully. Similar energy selective excitation and cooling are e
pected to be possible in an optical trap also. As seen in
2~b! this cooling cannot work when the temperature of t
atom cloud is much lower than the trap depth. Howev
even in such a case, by chirpingns from higher to lower
frequency it is expected to be possible to remove energ
atoms out of the deep trap and cool the remaining atom cl
further.

In conclusion, we have reported that an atom cloud c
fined in a magnetic trap was cooled by shaking the trap. T
cooling effect is a consequence of the energy selective e
tation of trapped atoms and the evaporative escape of
heated atoms. The energy selectivity of the excitation is
to the anharmonicity of the trap potential. The experimen
evidence of this energy selective excitation has been dire
observed owing to the large size and high controllability
the magnetic trap. Through the cooling the phase-space
sity was increased by a factor of about 2. We believe that
optimizing the trap potential and shaking frequency, we c
improve the cooling efficiency.

We thank N. Shima and H. Mizota for their experimen
support. This work was supported by a Grant-in-Aid for S
entific Research of the Ministry of Education, Cultur
Sports, Science, and Technology of Japan~Grant Nos.
13740255 and 11216203!.
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