Comprehensive Control of

Atomic Motion
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Recent work provides a general two-step solution to trapping and cooling of atoms. The first
step is magnetic stopping of paramagnetic atoms with the use of a sequence of pulsed fields. The
second step is single-photon cooling, which is based on a one-way barrier. This cooling method is
related intimately to the historic problem of “Maxwell’s Demon” and subsequent work by L. Szilard.
Here, | discuss the connections between single-photon cooling and information entropy. | also
outline future application of these methods to fundamental tests with hydrogen isotopes.

phase has been a major area of research

for over 30 years, motivated by the pos-
sibility of more precise spectroscopy, tests of
fundamental symmetries, and the study of many-
body physics. To date, the standard method has
been laser cooling, which relies on momentum
kicks that are imparted to atoms by repeated cycles
of photon absorption followed by spontaneous
decay (/). Despite the enormous success of laser
cooling, it has been limited to a rather small set
of atoms in the periodic table because of two
constraints. First, a simple two-level transition is
required so that an atom can absorb a resonant
photon and spontaneously decay back to the
same state, enabling many cycles of the process.
Second, the transition must be accessible with
tunable lasers. These two constraints exclude
most of the periodic table, as well as any mol-
ecules, because of the generally complicated
multi-level energy structure. To sharpen this point,
the simplest atom in the periodic table, hydrogen,
is not amenable to laser cooling because of the
lack of appropriate lasers in the far-ultraviolet
region of the spectrum. The case of hydrogen is
already compelling for fundamental physics: Pre-
cision spectroscopy of hydrogen isotopes (H, D,
and T) would benefit enormously from trapping
and cooling methods. Such methods would also
enable precision measurement of beta decay of
atomic tritium and would enable a breakthrough
in the long-standing quest to study anti-hydrogen.
Why should we be interested in general methods
beyond hydrogen? One reason is that they could
be an attractive alternative to standard laser cool-
ing, especially for light alkalis such as lithium or
sodium. Another reason is that there is a growing
list of atoms that have been proposed for funda-
mental tests or applications (several examples are
As, Co, Dy, Fe, Ga, In, and Ra). One thing is
clear: Comprehensive methods of cooling and
trapping will stimulate the scientific community to
study other atoms, and it is very likely that these
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will lead to new discoveries. In this article, I re-
view recent results that provide a comprehensive
two-step solution to trapping and cooling of

< A

almost any atom in the periodic table. I then
describe how these methods will be applied to the
special case of hydrogen isotopes.

From Room Temperature to Sub-Kelvin

The starting point for atoms in the laboratory is
typically room temperature, where they are often
in the solid phase. They can be converted to the
gas phase either by heating in an oven or by laser
ablation. The first question is how to cool the
atoms from room temperature to a fraction of a
degree Kelvin without the advantage of laser
cooling. Rather than answer that directly, I follow
with another question: What is the one property
of atoms that is nearly universal? The answer is
magnetism. Nearly all atoms (in their ground or
first metastable electronic state) exhibit para-
magnetism due to an unpaired electron in the
outer orbital. This has led to cooling of atoms by
using helium as a cryogenic buffer gas and then

Fig. 1. Experimental set-up for the atomic coilgun. (Top) Photo of the assembled coilgun, head on
and illuminated from the back. (Bottom) Schematic of the 64-stage coilgun.
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trapping them magnetically at a field
minimum created inside the cryo-
stat. This method, known as buffer
gas cooling, can work on any para-
magnetic atom or molecule and has
been used in a range of experiments
over the past decade (2—4). The
drawbacks of this method are the
high cost and complexity of cryo-
genic methods and the limited op-
tical access. It has been recognized
that it would be extremely valuable
to be able to trap atoms at similar
temperatures, but in a simple vacu-
um chamber that can afford better
optical access.

The starting point for these ex-
periments is the supersonic mo-
lecular beam, which has been the
workhorse of physical chemistry for
many years (35). In these devices, a
high-pressure (multi-atmosphere)
inert gas expands through a small
aperture into vacuum and undergoes
adiabatic cooling. The properties of
such beams are notable, as they are
nearly monoenergetic, with a rela-
tive velocity spread of less than 1% of the mean
velocity. In the co-moving frame, the temperature
of the gas is in the range of tens of millikelvin.
This distribution is clearly nonthermal, as it has
a large forward velocity. Supersonic beams are
typically operated in a pulsed mode with an ac-
tuated valve so that vacuum can be maintained
without too large a gas load. The pulsed source is
therefore a “bullet” of gas-phase atoms traveling
down the chamber at a very well-defined veloc-
ity, launched at the precise opening time of the
valve. The supersonic beam serves as a universal
platform for cold but fast atoms or molecules:
The carrier gas can be “seeded”” with another spe-
cies if it is already in the gas phase. Alternatively,
atoms or molecules can be entrained into the flow
near the output of the supersonic valve by laser
ablation of a nearby target. Further downstream
(typically 10 cm or more), the two species de-

Atom flux (arbitrary units)

switched off. Due to conservation
of energy, the amount of the kinetic

energy lost is equal to the energy
shift, induced by the magnetic field.
In the ideal operation of the atomic
coilgun, the width of the velocity
distribution is not changed, but the
mean velocity in the laboratory frame
is removed. This is not a cooling pro-
cess but simply a translation in ve-
locity space. After stopping the
atoms, they can be confined in a
magnetic trap. The timing of the
coils can be optimized following
the method of phase stability, as first
developed for synchrotrons (10, 11).

Time (ms)

Fig. 2. Magnetic stopping of a supersonic beam of metastable neon with
an atomic coilgun. The metastable atoms are detected in time-of-flight,
and their delay after the firing of the valve is measured in milliseconds.
The initial distribution (A) had a velocity of 447 m/s. The final distribution
(B) had a velocity of 56 m/s that was required to direct the atoms to the
detector (13).

couple collisionally as they expand, and the den-
sity drops. This led us to propose that paramagnetic
atoms could be stopped with the use of a series of
pulsed electromagnetic coils (6). The principle of
magnetic deceleration is conceptually simple and
bears close resemblance to a coilgun, which is used
to launch macroscopic ferromagnetic projectiles by
fast switching of electromagnetic coils. The atomic
coilgun also has some similarities to the Stark de-
celerator, which uses pulsed electric fields to stop
supersonic beams of polar molecules (7—9).

For the case of atoms, they can be classified in
terms of their response to external magnetic fields.
Atoms in low-field-seeking states minimize their
potential energy by going to a lower magnetic
field. Consider an atom entering an electromag-
netic coil, climbing a potential hill and slowing
down. When the atom reaches the top of the
magnetic hill, the magnetic field is suddenly

There is a trade-off between the
number of stages in the coilgun and
the total flux of atoms that can be
stopped. In general, a low phase angle
corresponds to turning off the coils
before the atoms reach the peak
magnetic field, making the process
more stable. Following the concep-
tual development and design stage,
the coilgun was constructed, and the
experimental set-up is shown (Fig. 1).
A beam of metastable neon, as well as a beam
of molecular oxygen, were stopped (/2—14), and
representative data with neon is displayed (Fig.
2). Parallel and independent work demonstrated
stopping of atomic hydrogen (15—17).

Once the atoms are stopped, they can be trapped
in static magnetic fields that create a field min-
imum. Such coils are used to store ultracold atoms
after laser cooling and are the typical starting point
for Bose-Einstein condensation experiments. The
simplest configuration is to have two coils with
currents running in opposite directions, known as
an anti-Helmholz pair. This creates a point in the
center where the magnetic field is zero and in-
creases in all directions.

Single-Photon Cooling

After the atoms are magnetically trapped, the
next question is how to cool them further, from

Fig. 3.

Illustration of single-photon cooling in one dimension. The
potential is from a magnetic trap. The one-way wall is swept from the left,
catching atoms near their classical turning points. As they cross the wall,

the atoms change state, as indicated by the change in color from red to
blue. In (A), the wall is to the left of all of the particles, in (B), some
particles are captured, and in (C), all of the particles are captured.
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tens of millikelvin. This temperature is still very
far from the limits reached by laser cooling and
would not be very interesting without a way to go
lower. One possible approach is to use evap-
orative cooling, whereby the hottest atoms are
ejected from the trap, and the remaining atoms
reequilibrate by collisions. However, in most cases,
the initial density produced with this method is
small, resulting in very long re-equilibration times
and making it impractical to realize evaporative
cooling during the trap lifetime. The other poten-
tial problem with evaporative cooling is that the
trapped, low-field—seeking atoms can collide and
change to high-field seekers that are ejected from
the trap.

The approach I took was inspired
by a seemingly unrelated question:
Is it possible to make a barrier or
wall for atoms that is “one-way’’?
In other words, atoms impinging
from one direction can pass through,
whereas atoms coming from the
other directions are turned back.
This one-way operation occurs in
nature; for example, ion channels
in cell membranes that regulate
flow and maintain osmotic pressure.
The question is posed here with re-
spect to atoms in gas inside a vac-
uum chamber, which is quite different
than anything that occurs in biolo-
gy. Surprisingly, the answer is yes,
as was shown in a series of papers
four years ago (/8—21). The basic
construction is to combine a conserv-

that changes the internal state. As the one-way
wall is swept from the left, all of the atoms are
captured. This method is called single-photon
cooling, because the trapping process is accom-
plished via a single-photon scattering event. Laser
cooling, in contrast, entails multiple cycles of scat-
tering. A three-level model is the simplest example
where single-photon cooling works; however,
any multi-level structure is possible. Ironically, the
only case that cannot work is a two-level atom,
which is the prerequisite for laser cooling. An-
other point to emphasize is that although particle
motion is in three dimensions, trap ergodicity can
couple these degrees of freedom so that cooling in
one direction can be sufficient.

2p

2s

A

243 nm

122 nm

243 nm

ative potential with an irreversible
step. The conservative potential is,
in general, created by electromag-

1s

netic fields, which hold the atoms
away from the walls of the vacuum
chamber. The two viable possibil-
ities are magnetic fields or light.
The former was discussed earlier in
the context of the atomic coilgun.
The latter is most familiar in the
context of optical tweezers. These
are focused beams of light that create
an attractive or repulsive potential
for atoms, depending on whether
they are tuned to the red or blue of
an atomic transition. The irreversible step for an
atom is absorption of light at a specific wave-
length, followed by spontaneous decay to a
different internal state.

Showing how the one-way wall can be used
to cool translational motion is interesting. The
principle of operation is best illustrated for a one-
dimensional (1D) central potential (such as a
magnetic trap) (Fig. 3). Initially, particles are
contained in the main trap, and a one-way wall is
placed in the wings. Atoms reaching that region
are at their classical turning points where they
have converted all their kinetic energy into po-
tential energy. After passing through the one-way
wall, they are trapped by scattering a single photon

www.sciencemag.org SCIENCE VOL 324

Fig. 4. Schematic of transitions in atomic hydrogen. The 1S ground state is
split into two hyperfine states (F = 1 and F = 0), separated by 1.42 GHz. The
F = 1 state is split into three states as a function of magnetic field, denoted
with “B.” A two-photon transition near 243 nm excites the atoms to the 25
state. This state is coupled to the 2P state, which decays by emitting a Lyman
alpha photon near 121 nm. The energy axis is not to scale.

One proposal for the one-way barrier was a hy-
brid magnetic/optical approach, and this method led
to efficient cooling of atoms (22—24). Subsequently,
an all-optical method following the original pro-
posal was demonstrated, although it could not be
used for cooling due to the lasers being close to
atomic resonance where heating dominates (25).

An all-magnetic approach can improve the
cooling effect by providing a 2D trapping surface
that catches nearly all the atoms near their turning
points (26). Although these experiments prove
the viability of single-photon cooling, they were
still performed on rubidium atoms where standard
laser is possible. The next step is to implement
single-photon cooling for atoms that are not ame-
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nable to laser cooling. Atomic hydrogen is the
most compelling case. Before describing these
future directions, I make a historical digression to
understand the fundamental nature of single-
photon cooling in terms of information entropy.

Maxwell’s Demon and the Szilard Engine

In 1871, James Clerk Maxwell proposed a thought
experiment that is still a topic of controversy and
discussion today (27, 28). He considered a cham-
ber with gas particles separated by a wall with a
trap door. Maxwell envisaged an “intelligent
being with deft hands” who could see the coming
and going of particles and open or close the trap
door appropriately. This creature became known
as “Maxwell’s Demon” and appeared
to violate the second law of thermo-
dynamics, as the Demon could
lower the entropy of the gas without
doing any work. The resolution to
this paradox took many years to
evolve, and the most important
contribution was by L. Szilard (29).
He first proposed an engine that
could run from a single heat bath
using the Demon, in clear violation
of the second law (30, 37). The
resolution Szilard proposed was that
the Demon collects information every
time that the trap door is opened. This
information, he argued, carries en-
tropy that exactly balances the en-
tropy decrease of the gas, thereby
saving the second law. The concept
that information has real physical
meaning was arguably the start of
modern information science. The
role of information in cooling has
been the topic of much discussion
over the years and was the basis for
stochastic cooling of charged par-
ticles in accelerators (32). However,
the information content and overall
efficiency in that case is extremely
small, as only a small pick-up coil is
used to detect the particle motion
and a fast electronic feedback loop
was required.

[ now retum to single-photon cool-
ing and examine its connection with
Maxwell’s Demon. A theoretical analysis shows
that, as each atom scatters one photon, infor-
mation is provided about the turning point and
the energy of that particle. A calculation of the
entropy increase of the radiation field scattered
from a directional laser into a random direction
shows that, in fact, it exactly balances the entropy
reduction of the atoms as they are trapped with
the one-way wall (33, 34). Therefore, single-
photon cooling is a physical realization of Maxwell’s
Demon. The demon, in this case, is particularly
simple and efficient: a laser beam that induces an
irreversible process and scatters one photon from
the beam. Such a demon is certainly not an in-
telligent being, yet it does not need an active
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feedback loop. The fact that the information is
available and can in principle be collected is
enough.

Future Directions

The possibility of trapping and cooling almost
any atom in the periodic table will undoubtedly
open new areas of research. The same methods
should also work on any paramagnetic molecule,
which will enable the study of ultracold chemis-
try (26). Here I concentrate on the simplest atom
in the periodic table, hydrogen, and show that
new tests of fundamental physics become possible.

Hydrogen is the most abundant element in the
universe and serves as the Rosetta Stone of phys-
ics. The two other isotopes of hydrogen are deu-
terium, with one neutron, and tritium, with two
neutrons. There is a long and rich history of ex-
periments on atomic hydrogen and related theory.
The story starts with the measurement and ex-
planation of hydrogen spectra, one of the first
major successes of quantum mechanics. The story
continues with the Lamb shift and the triumph of
quantum electrodynamics, still the best tested
theory today. In recent years, trapping and cool-
ing of hydrogen was accomplished with heroic
efforts using a dilution refrigerator and evapora-
tive cooling (35). The pinnacle of quantum control,
Bose-Einstein condensation, was even achieved
with hydrogen (36). These trapping methods have
not been extended to deuterium or tritium and
have now been discontinued. Further progress
hinges on new methods to trap and cool hydro-
gen isotopes in a simple room temperature ap-
paratus. In parallel, ultrasensitive spectroscopy
on hydrogen and deuterium beams has reached
an exquisite level of precision due to the advent
of the frequency comb (37, 38).

The methods described above are perfectly
suited to trapping and cooling of all three isotopes
of hydrogen. The starting point will be a super-
sonic beam of molecular hydrogen in a neon
carrier gas. The molecules will be dissociated
with a discharge near the nozzle, and the atomic
coilgun will stop the atoms and confine them in a
magnetic trap. In fact, hydrogen has already been
stopped and trapped with a coilgun (/7). The
structure of hydrogen is ideally suited to single-
photon cooling, although it requires a laser near
243 nm to drive a two-photon transition to a meta-
stable 28S state (Fig. 4). The atoms in the F'= 0,
m = 0 state will be optically trapped in a standing
wave of light inside a build-up cavity.

One of the first goals with trapped hydrogen
isotopes will be to push the current limits of

ultrahigh precision spectroscopy, especially needed
for tritium. More importantly, trapping and cool-
ing of atomic tritium may hold the key to the
determination of the neutrino rest mass, one of
the most pressing questions in modern physics. A
recent concept paper showed how a sample of
trapped ultracold tritium serves as an ideal system
for neutrino mass measurement by kinematic
reconstruction of the recoiling electron in coinci-
dence with the recoiling helium ion (39).

The same methods will also work for trapping
and cooling of anti-hydrogen (40, 41). In this case,
the supersonic beam method cannot be used as the
starting point. Instead, a beam of anti-hydrogen
could be generated by launching anti-protons
through a positron cloud and then stopped and
cooled with our methods. Experiments with anti-
hydrogen will be able to answer the simple ques-
tion: Does anti-matter fall the same way as matter?
Such experiments can also test charge-parity-time
reversal invariance, believed to be a fundamental
symmetry of nature. These examples illustrate that
hydrogen and its isotopes hold the key to many
unanswered questions about the universe.

In the short term, work will concentrate on
optimizing the efficiency of the atomic coilgun.
The first possible improvement is to mode-match
the incident beam to the coilgun by magnetic fo-
cusing. I am also investigating the possibility of
an adiabatic magnetic slower in which the atoms
would be trapped in three dimensions throughout
the entire stopping process. This would then pre-
serve the initial phase space density, translating
the atoms to rest in the laboratory frame. The case
of single-photon cooling must be further devel-
oped, and the limitations of the method have to
be studied. For example, the density limit has not
been reached and must be studied further. A
quantum analysis of single-photon cooling has
not yet been developed. The temperature that can
be reached is limited to the photon recoil, as op-
posed to evaporative cooling that has no such
limit. 1 envisage that single-photon cooling is
most suitable as the first stage, followed by
evaporation in an optical trap to reach quantum
degeneracy.
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