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Cooling by Maxwell’s demon: Preparation of single-velocity atoms
for matter-wave interferometry
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~Received 18 February 2000; revised manuscript received 11 April 2000; published 14 June 2000!

We present an alternative method for laser cooling of atoms close to the one-dimensional recoil limit. This
method is particularly suited for atoms not accessible to conventional sub-Doppler cooling methods. It is based
on the repeated selection and accumulation of slow atoms from a precooled atomic cloud and on the repeated
rethermalization of the remaining atoms. The prepared ensemble is used to measure atom interferences with
increased visibility.

PACS number~s!: 03.75.Dg, 32.80.Pj, 39.20.1q
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The recent progress in the fields of atomic clocks, at
interferometry, laser spectroscopy, and Bose-Einstein c
densation~BEC! was made possible only by the powerf
techniques of laser cooling. From the first demonstration
Doppler-limited laser cooling@1#, via the efficient polariza-
tion gradient cooling reaching unexpected low temperatu
@2,3#, the way led to sophisticated subrecoil cooling tec
niques, such as Raman cooling@4# or velocity-selective co-
herent population trapping~VSCPT! @5#, to name only a few.
Unfortunately, these efficient sub-Doppler cooling mech
nisms are largely restricted to atoms with magnetic or hyp
fine substructure in the ground state. On the other hand
oms with a single ground state, such as the alkaline ea
are of special interest for atom interferometry@6#, frequency
standards@7#, the study of cold collisions@8,9#, and possibly
BEC due to their small amount of sensitivity to extern
fields and the simplified theoretical description of their int
action. Two-stage Doppler-cooling methods that make us
the narrow intercombination lines in the alkaline earths@10#
and recently applied to strontium@11,12# are not accessible
in general. For many applications, e.g., atom interferome
precision spectroscopy, and frequency standards, even a
dimensional cooling, i.e., a reduction of the velocity width
one dimension, would already allow significant improv
ments in sensitivity.

In this Rapid Communication, we present an alternat
scheme for such a one-dimensional cooling. In analogy
Maxwell’s thought experiment@13# we select and accumu
late the slowest atoms from a precooled atomic cloud.
thermalization of the remaining hotter atoms, in addition
the action of Maxwell’s ‘‘demon,’’ again provides slow a
oms that can be selected and accumulated in a next c
Repeated application of this cycle in principle allows one
accumulate all atoms in one narrow velocity class.

We realized this scheme with the alkaline-earth calci
~see Fig. 1!, which is particularly suited to atom interferom
etry @14# and is already used for frequency standards@15#.
We start with a precooled atomic ensemble provided b
magneto-optical trap~MOT! @16#. When the trap is switched
off, the atoms have a typical temperature ofT'3 mK and
an rms velocity of about 1 m/s. The slowest atoms are
lected by pulsed excitation from the1S0 ground state to the
3P1 , m50 state~step 1 of Fig. 1! with a laser resonant on
the intercombination transition that has a natural linewidth
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less than 300 Hz@17#. The Doppler effect relates this fre
quency width to a minimum velocity interval of 0.2 mm/
that can be selected with this transition. The actually selec
width of the velocity interval is determined by the chose
durationtS of the laser pulse, since the corresponding fr
quency width of the Fourier spectrum is inversely propo
tional to the pulse lengthtS . Hence, by increasing the puls
length, the velocity width is reduced at the expense of
number of excited atoms. The optimum pulse length can
adjusted according to the required number of atoms and
required velocity width. Additionally, by adjusting the fre
quency of the exciting laser, every desired velocity class
be selected. To avoid stimulated transitions back to
ground state in the following cycle that would prevent th
efficient accumulation, the atoms are optically pumped
suitable states. We have chosen the3P1 , m561 states that
are not accessed by the selection pulse because these Ze
levels are shifted out of resonance in the applied homo
neous magnetic quantization field. The optical pumping
achieved by excitation with linearly polarized light (l
5430 nm) that couples the 4s4p 3P1 , m50 to the
4p2 3P0 state~step 2 of Fig. 1!. On the average, 1.5 absorp
tion processes per atom are needed to pump all atoms
the 3P1 , m561 state. In the third step, the four MOT lase

FIG. 1. Partial energy diagram with wavelengths and transit
rates relevant to the Maxwell’s-demon cooling of40Ca. The num-
bers denote the steps of the cooling scheme~see text!.
©2000 The American Physical Society01-1
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beams (l5423 nm, 1S0-1P1 transition! perpendicular to
the homogeneous magnetic field are switched on agai
rethermalize the velocity distribution of the ground-state
oms in a two-dimensional optical molasses. By repeat
these three steps several times the number of slow atom
the 3P1 , m561 states is increased.

The laser beams for the MOT and the molasses are
erated by a frequency-doubled diode-laser system.
frequency-stabilized dye laser is used for the excitation
the Ca intercombination transition (l5657 nm) @18# and
another dye laser system for generating the 430-nm ra
tion. The MOT is loaded from a thermal beam for 15 ms
30 ms leading to about 107 atoms confined to a volume o
about 1 mm3. Then the magnetic fields and laser beams
the MOT are switched off and the magnetic quantizat
field is switched on. After a delay of 0.5 ms necessary for
magnetic field to become sufficiently constant, the descri
Maxwell’s-demon cooling is started by applying th
velocity-selecting 657-nm pulse. It is followed by the pul
of the colinear 430-nm pumping beam with duration betwe
1 and 5 ms. The cycle is ended by switching on the mola
ses beams for rethermalization for 5 –10ms. After repeating
the cooling cycleN times and waiting for about two lifetime
~1 ms! of the excited atoms for their spontaneous decay i
the ground state, we measured the velocity distribution of
ensemble. A 657-nm pulse with a durationtD of up to
30 ms was used to scan the intercombination line and
fluorescence was detected. Due to the small natural linew
the measured linewidth results mainly from the Doppler
fect and therefore monitors the velocity distribution of t
atomic cloud.

In the measured spectrum~Fig. 2! the Maxwell’s-demon
cooled atoms show up as a narrow needle on a broad pe
tal caused by the precooled atoms. The width of the nee
of 150 kHz corresponds to a width of the velocity distrib
tion of 10 cm/s. This width results from the randomly di
tributed recoils of the spontaneous-emission processes
volved in the cooling scheme and from the Fourier width
the selecting pulse. As an estimate, we take the root m
square of the three independent contributions to the l
width, i.e., 100 kHz due to the excitation pulse withtS
510 ms, and 1.5335 kHz and 23 kHz due to the reco
shifts resulting from the spontaneous emissions at 430
and 657 nm, respectively. We end up with an estima
width of about 130 kHz for the resulting needle, neglecti
the spatial dipole characteristics of the involved transitio
This is in reasonable agreement with the measured va
However, the use of significantly longer pulses with up
tS530 ms only leads to a small reduction of the resulti
linewidth @full width at half maximum ~FWHM!
'100 kHz# accompanied by a decrease of the number
accumulated atoms. We measured a shift of 52~2! kHz of the
needle, when the pumping pulse was used as compared t
position of the small peak already observed without t
pulse. This is in fair agreement with the estimated value
1.5335 kHz due to the photon recoil of the pumping puls
For small numbers of cooling cycles (N,5) the height of
the needle increases linearly withN and reaches a maximum
for N between 10 and 20, depending on the times involve
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the Maxwell’s-demon cooling. We attribute this behavior
the fact that the useful time of the cooling scheme is limit
by the velocities of the atoms perpendicular to the direct
of the selecting beam. Consequently, for higherN, corre-
sponding to longer cooling times, more of the accumula
atoms leave the interaction region than can be added by
other cooling cycle. In order to get a pure ensemble of
prepared low-velocity atoms, the residual ground-state ato
can be removed immediately after the cooling scheme wit
blue-detuned 423-nm beam pushing them out of the inter
tion region~inset of Fig. 2!.

To optimize the different steps of the cooling scheme
have devised a method where we probe the population
ference between the ground state and the3P1 , m50 state.
The selecting pulse with fixed frequency leads to a popu
tion of the excited state and a hole in the velocity distributi
of the ground state~Bennet hole!. Owing to the photon recoil
these two features are separated in velocity space, and ca
probed by the change of the fluorescence resulting from
counterpropagating probe pulse that is scanned in freque
Hence, the excitation spectrum shows two dips, correspo
ing to the hole in the ground-state velocity distribution a
the population of the excited state@19#, if this distribution is
probed with sufficiently high resolution@Fig. 3~a!#. By moni-
toring the depths of the two dips after the different steps
the cycle, we obtain information about the population of t
relevant states to optimize the efficiency of each step. W
the 430-nm laser on, the excited atoms are pumped to
other magnetic substates, which leads to a reduction of
low-frequency dip@Fig. 3~b!#. When additionally the ground-
state atoms are rethermalized by the 423-nm molasses
hole burnt in the ground-state velocity distribution is fille

FIG. 2. Observed fluorescence from the intercombination tr
sition vs detuning of the 657-nm probe beam after 20 cooling cyc
with t510 ms. The needle resulting from the cooled atoms ha
FWHM of 150 kHz. Due to the acceleration in the rethermalizin
molasses the center of the pedestal is shifted. The inset show
Doppler profile of the cooled atoms when the residual ground-s
atoms have been removed by a pushing beam.
1-2
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Consequently, the second dip also disappears@Fig. 3~c!#. The
reduction of the fluorescence signal baseline results from
reduced detection of fluorescence photons from them561
states due to their angular emission characteristic that dif
from that of them50 state for which the detection wa
optimized.

To assign an efficiency to the Maxwell’s-demon coolin
one could compare the number of atoms in the needle w
the number of the remaining atoms. By dividing the area
the needle by the area of the pedestal, we derive an efficie
of 25%. This estimate does not take into account that
number of available atoms is significantly higher immed
ately after switching off the MOT. Compared to this numb
we derive an efficiency of slightly more than 5%. If we u
the Maxwell’s-demon cooling for atom interferometry~see
below! the situation is much more favorable. From Fig. 4 w
see that, despite the dramatically reduced number of ato
we can obtain virtually the same signal-to-noise ratio, b
now in a well-defined velocity interval.

The reported results were obtained with an existing ap
ratus used in a frequency standard. Further improvemen
the cooling scheme is possible since at present the efficie
of the Maxwell’s-demon cooling is mainly limited by th
experimental setup. E.g., due to eddy currents and fro
magnetic fields in the vacuum apparatus it takes about 0.5
until the magnetic quantization field is sufficiently consta
This limitation can be overcome in an apparatus with op
mized design, where the cooling scheme can start imm
ately after the release of the precooled cloud of atoms fr
the MOT. The use of four independent laser beams for
rethermalizing molasses would allow one to avoid accele
tion of the ground-state atoms in imperfect molasses. C
rently, this effect limits the efficiency of the cooling schem
because after a few cycles all atoms are accelerated an
more atoms withv50 can be excited. As mentioned abov
the minimal velocity width of the cooled ensemble is limite
by the recoils from the spontaneous emitted photons.

FIG. 3. Fluorescence measured with a probe pulsetD

530 ms) after the different steps of the Maxwell’s-demon coolin
scheme: immediately after the selection pulse~a!, after the 430 nm
pumping pulse~b!, and finally after the rethermalization pulse~c!.
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spontaneous emission within the optical pumping step is
sential for the cooling scheme and cannot be easily circu
vented. The broadening due to the spontaneous decay
the ground state after the cooling scheme, however, can
avoided by the use of a stimulated emission process.
velocity width would be reduced close to the recoil veloci
due to the photon emitted during the optical pumpin
v recoil, 430nm52.3 cm/s. Furthermore, without delay fo
spontaneous emission to the ground state, fewer atoms c
leave the interaction region due to their transverse veloc
before the measurement starts. Additionally, the backgro
on the fluorescence signal caused by atoms that have
decayed yet to the ground state before taking data will
largely eliminated. These atoms mainly lead to the ba
ground in the inset of Fig. 2.

The presented one-dimensional cooling scheme has
enormous potential for Ramsey-Borde´-type atom interferom-
eters @20# in the time domain with resonant optical ligh
fields acting as beam splitters. There, the laser necessa
produce the beam-splitting pulses can also be used for
selection of slow atoms in the Maxwell’s-demon coolin
scheme. We applied this scheme in combination with
simplest of these interferometers comprising ideally a
quence ofp/22,p2,p/2 pulses of a laser beam for split
ting, deflecting, and recombining the atomic waves@14,21#.
The p pulse is defined by the Rabi angleu5p and at reso-
nanceu}AI tG2 holds. For a given laser intensityI, fre-
quently limited by the available laser systems, and a narr
atomic linewidthG, the pulse lengtht required for ap pulse
corresponds to a Fourier width smaller than the Dopp
width of the precooled ensemble. Consequentlyp pulses can
only be realized for a small part of the atomic ensemb
resulting in a reduced visibilityV5(Rmax2Rmin)/(Rmax
1Rmin) of the interference signal, whereRmax andRmin are
the maximum and minimum count rates, respectively. In o
experiment with a three-pulse interferometer a phase dif

FIG. 4. Interference pattern for a Borde´-type atom interferom-
eter comprised of three pulses of a laser beam for a Doppler-co
atomic ensemble@~a!, squares# and for a Maxwell’s-demon cooled
ensemble@~b!, circles#. The visibility is increased due to the re
duced velocity width.
1-3
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enceDw between the partial waves is introduced by varyi
the phase of the third laser pulse with respect to that of
first two pulses. The visibility of the resulting interferenc
pattern that is detected by the fluorescent decay of exc
atoms ~Fig. 4! is considerably increased by the use of
Maxwell’s-demon cooled ensemble@Fig. 4~b!#. The maxi-
mum detected visibility ofV'0.5 does not reach the theo
retical limit of V51, even though the Fourier width of th
beam-splitting pulses ('1/t51 MHz) is bigger than the
Doppler width (FWHM,150 kHz) of the prepared en
semble. Again, this is no principle limitation but it is due
the available setup. Within the time of about 2 ms curren
needed for the preparation of the ensemble, the cloud
pands to a size of about 2 mm in the direction perpendic
to the exciting laser beams. Accounting for the Gauss
intensity profile~beam diameter of 3.5 mm! atoms at differ-
ent locations experience different Rabi angles. Hence, ap or
p/2 pulse cannot be achieved for all atoms simultaneou
resulting in a reduced visibility.

In conclusion, we have prepared a Ca atomic ensem
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with a narrow velocity distribution in one dimension. Ou
scheme utilizes a very narrow atomic transition but does
suffer from the associated small forces. In contrast to VSC
or Raman cooling, where atoms with the wrong velocity a
cycled until they finally reach the desired velocity, we d
rectly select the desired velocity class. This approach
some drawbacks due to the heating of the selected ense
by spontaneous emission. But the Maxwell’s-demon cool
is advantageous in many existing applications that do
allow one to implement these other methods. In addition
the existing laser system for spectroscopy there is onl
simple laser with low requirements for frequency stabiliz
tion needed. The scheme is particularly suited for prepar
atomic ensembles for atom interferometry where it leads
an increased visibility.
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