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Plasmas are normally thought of as high temperature ionized gases or fluids, such as those in the sun’s corona or
those found in controlled nuclear fusion experiments. Many interesting plasma phenomena can occur, however,
in plasmas at low temperature. With the help of laser trapping and cooling, atoms can be photoionized to
form neutral plasmas at extremely low temperatures. These plasmas may exist in the so-called strong coupling
regime, where the energy of the Coulomb interactions between particles is larger than their thermal energy. In
addition to providing a test bed for studying the strongly coupled plasmas such as those found in Jovian planets
and white dwarfs, ultracold plasmas play a critical role in understanding the formation of antihydrogen.

Subject Areas: Plasma Physics

Introduction

Plasmas, the most common state of matter in the uni-
verse, span an incredible range of parameters, from a
density of 103cm~3 and temperature of a few hundred
kelvin in the aurora of earth’s ionosphere to a density
of 10”cm ™3 and temperature of 107 K in the core of the
sun. With the tools of atomic physics and the techniques
of laser cooling, we can now create neutral plasmas at
temperatures as low as 1K [1]. Having these kinds of
laboratory plasmas may help us to better understand the
interiors of large planets and white dwarf stars, and al-
low us to probe new states of matter and unusual liquid-
like and crystalline effects in so-called strongly coupled
plasmas.

Ultracold plasmas have been created in a number
of atomic systems including xenon, rubidium, cesium,
strontium, and calcium—essentially any atom that can
be easily laser cooled and has a convenient laser wave-
length for photoionization. While many plasma experi-
ments tend to require large facilities, ultracold plasmas
experiments look much more like atomic physics experi-
ments—tabletop physics with a small vacuum chamber
and associated laser hardware—and in fact have been
carried out in atomic physics research groups. Because
of the rather delicate nature of these plasmas (they ex-
ist at low temperature, they only contain 10°~10° ions,
and the experiments are carried out in vacuum), most
traditional probes of plasma physics properties are too
invasive (for example, electrodes placed in the middle of
the plasma). Instead, ultracold plasma researchers mea-
sure the electrons or ions leaving the plasma, both spon-
taneously and extracted, or use laser spectroscopy and
imaging for ions with optically convenient transitions.
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Making ultracold plasmas

Ultracold neutral plasmas were first observed in 1999
by my research group [2] in an experiment at NIST in
which we photoionized a sample of xenon atoms that
were laser cooled to a starting temperature of ~ 10 uK
(Fig. 1). Because the atoms had virtually no thermal
energy, the energy available to the plasma was just the
excess of the ionizing photon above the ionization limit.
This method for creating the plasma releases the elec-
tron from the atom as gently as possible. All the subse-
quent experiments in ultracold plasmas follow this same
prescription—reduce the thermal energy of the neutral
atoms with laser cooling, and then photoionize near the
ionization limit.

The actual plasma formation can be understood with
a simple model. While the neutral atoms are ionized by
a laser pulse (which is usually about 10 ns in duration),
some of the electrons escape the millimeter-sized cloud
(left and center panels of Fig. 2): even at 1 K, an electron
has a thermal velocity of 4 km/s. The remaining cloud
is slightly positively charged, which forms an attractive
Coulomb potential for the next electrons trying to es-
cape. As more electrons leave, the potential well con-
tinues to deepen. Once the well depth equals the elec-
tron kinetic energy, no more electrons can escape, and
a plasma is formed. For typical parameters only a few
percent of the electrons need leave, so the overall plasma
is almost neutral, and the highly mobile electrons tend
to cancel the fields created by the ions, making the sys-
tem very neutral except on the periphery. The confined
electrons exert an outward pressure on the ions, result-
ing in a plasma expansion into vacuum with a velocity
of order 100 m/s (that is, the velocity v ~ kgT./m; ,
where kg is Boltzmann’s constant, T, is the electron tem-
perature, and m; is the ion mass) and a plasma lifetime
of 50 — 200 us.

The electron and ion temperatures of ultracold plas-
mas has been an area of continuing interest. One of the
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FIG. 1: (Top to bottom) Atoms are captured and cooled
to a temperature of ~ 10uK by intersecting laser beams
in a suitably arranged magnetic field. Another laser pho-
toionizes the cooled atomic cloud. The resulting plasma ex-
pands (shown as a series of false-color electron spatial dis-
tribution plots) as a result of electron pressure, but overall
the plasma remains neutrally charged. (Illustration: Alan
Stonebraker/stonebrakerdesignworks. com)

original motivations for pushing plasmas to lower tem-
peratures is to access the parameter regime known as
strong coupling, where the ratio of Coulomb potential
energy to kinetic energy, T,; = €% /4megakpT,; (where e
is the electron charge, € is the vacuum permittivity, and
a is the Wigner-Seitz radius, that is, the average inter-
particle spacing) is greater than one. Although single-
component strongly coupled plasmas have been well
studied (laser-cooled ions in Penning traps, and dusty
plasmas, for example [3]), strongly coupled neutral plas-
mas are very difficult to create in the lab, although they
do presumably exist in nature at the center of Jovian-
type planets and white dwarf stars, for example. As
I' increases above 1, correlations become important as
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FIG. 2: Temperature oscillation in an ultracold plasma as a
function of time after photoionization. (Left) Image of elec-
tron distribution of a xenon plasma using projection imaging
onto a charged particle detector. (Center) Image of a stron-
tium plasma taken by measuring the absorption of resonant
laser light. (Right) The kinetic energy of a strontium plasma
(where the ions are in Gaussian cloud of size o) shortly after
formation for an inner region (radius p < 0.90) and outer re-
gion (radius p > 1.490) of the plasma. The oscillations visible
are a sign of correlations and the strong coupling regime. (Left
image adapted from [23]; right and center images courtesy T.
C. Killian, Rice University.)

the Coulomb attraction and repulsion starts to dominate
thermal motion. Such strongly coupled plasmas should
exhibit liquidlike behavior for I' ~ 10 and form crys-
talline phases for I' > 200. If we naively use the initial
conditions at ionization, such as a density of 1019em—3,
electron energy (or temperature) of 1 K, and an ion tem-
perature of 1 mK, we would find I'. ~ 6 and I'; ~ 6000,
well into the strong-coupling regime.

Nature does not make it easy to form such systems.
Researchers in the group of Thomas Killian at Rice
University observed [4] a predicted heating effect [5]
(disorder-induced heating) that immediately raises the
temperatures of both electrons and ions to up to as much
as 10 K (depending on density). This can be easily un-
derstood: the atomic sample has randomly distributed
atoms, and when ionized, the electrons and ions will
find themselves sitting in a random Coulomb potential
landscape. About half of the particles will be sitting on
hilltops, and will quickly roll down converting this po-
tential energy into thermal energy. Another viewpoint
is that for a given I, there is a particular lowest en-
ergy state with the appropriate particle position corre-
lations (for instance, a crystalline state), which the state
formed by photoionization lacks. The ion and electron
temperatures in ultracold plasmas are only weakly con-
nected, because the kinematics of a collision between a
very light particle (electron) and a heavy particle (ion)
make for very slow energy transfer. Measurements of
the ion temperatures (by observing the Doppler shift of
the absorption spectrum of laser-excited ions) soon after
ionization do suggest the beginnings of strong coupling
(measured I of 3—-4) and most tellingly observe tempo-
ral oscillations in the ion kinetic energy [6], which can
only be due to the effects of correlations (right panel of
Fig. 2).
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Plasma expansion

The manner in which these plasmas evolve and ex-
pand is unusual. The first measurements [7] of ultracold
plasma expansion found that above an initial electron
energy/kp of 10 K, the plasma expanded in accordance
with a simple hydrodynamic electron pressure model,
but for low energies there was an excess expansion ve-
locity. This was quickly traced down to the effects of
collisions in the plasma, in particular three-body recom-
bination, where two electrons and an ion collide to form
a highly excited entity called a Rydberg atom (observed
using field ionization techniques [8]). The impact on
the expansion arises from energy conservation in such
a collision, as the extra electron increases its energy by
the binding energy of the Rydberg atom. Three-body re-
combination is a source of heating. This particular col-
lision channel is of such prominence because it scales as

Te 9/2 and completely dominates all other mechanisms
in ultracold plasmas. Since there are two electrons in-
volved in the collision, the collision rate also scales as
the square of the electron density, ~ 12, and might be
expected to rapidly drop off as the plasma expands (1,
typically drops by four orders of magnitude during the
lifetime of the plasma). But we have to consider what
has happened to the electrons during expansion—they
are doing work on the ions through electron pressure
and thus should be adiabatically cooling (this by itself
would predict five orders of magnitude of cooling dur-
ing the plasma lifetime). So we are left with a competi-
tion between strong cooling and a heating process that
rapidly turns on as the temperature falls, and an uncer-
tain evolution of the electron temperature and coupling
parameter.

Actually obtaining such temperature measurements
in ultracold plasmas has turned out to be quite challeng-
ing. Although there were a few measurements of elec-
tron temperatures that showed the importance of three-
body recombination, they tended to only be applicable
at early times in the plasma and had large uncertain-
ties. A recent experiment in our lab [9] has exploited the
strong temperature dependence of three-body recombi-
nation and uses the production rate of Rydberg atoms
as a way to measure the temperature. The key to ac-
curately measuring rates was to switch to microwave
ionization of the extremely fragile Rydberg atoms and
then counting the numbers of neutral Rydberg atoms
that reappear. Although the electric field strengths are
similar to DC field ionization, their rapid oscillation (at
2.5 GHz) just makes the electrons quiver slightly rather
than ripping them out of the plasma. If the microwaves
are applied for a short enough time (< 1 ys) the only ef-
fect on the plasma is minimal heating. We found that the
measured electron temperatures fall below 1 K at 60 yus,
by far the lowest electron temperatures ever observed
in a neutral plasma. A new treatment [10] of low energy
transfer collisions has recently been proposed that mod-
ifies three-body recombination rates and is in agreement
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with the microwave ionization results. Recently, Berge-
son and Robicheaux [11] observed the fluorescence as-
sociated with Rydberg atoms cascading to the ground
state. The results are in some disagreement with a stan-
dard recombination model, suggesting either that the
high energy tail of the electrons distribution or large en-
ergy transfer electron-Rydberg collisions are not prop-
erly treated in such a model, so our understanding of
the basic process of recombination is still incomplete.

Although ultracold plasmas can generate large num-
bers of Rydberg atoms, it was also observed in the be-
ginning of ultracold plasma research that if the ioniz-
ing laser was tuned below the ionization limit, form-
ing a cloud of cold Rydberg atoms, it would sponta-
neously ionize into an ultracold plasma. After a num-
ber of mechanisms were proposed, recent research by
Li et al. at the University of Virginia [12] has shown
the importance of Penning ionization of a pair of Ry-
dberg atoms, a process in which one atom is ionized
while the other drops to the ground state. The impor-
tant discovery was that atom pairs could be excited onto
attractive Rydberg—-Rydberg potentials, and drawn into
the close range necessary for ionization by attractive van
der Waals forces, which scale as the 11th power of the
principal quantum number n. One motivation for this
work is the use of cold Rydberg atoms for quantum
information processing, and spontaneous ionization is
definitely a bad thing in this case, so it has to be under-
stood and prevented. At higher densities, simple two-
body physics may no longer tell the full story, and ion-
ization may be proceeding through many-body absorp-
tion of photons [13]. This work highlights the almost
smooth transition between highly excited atoms sitting
in a plasma and free electrons bound in a plasma. In
fact, for typical parameters, the binding energy of an
electron in an ultracold plasma is about the same as an
n = 80 Rydberg atom. As a result, identifying which is
the plasma electron and which is an atomic electron can
be challenging.

Antimatter and ultracold plasma

Recombination in ultracold plasmas is of great inter-
est in the formation of antihydrogen. There are currently
two experiments (ATRAP [14] and ALPHA [15]) operat-
ing at CERN whose ultimate goal is the production of
trapped ground state antihydrogen (a bound positron
and antiproton). Both experiments have observed the
production of antihydrogen atoms when they merge
cold positron and antiproton plasmas. The plasma den-
sities and temperatures are similar to ultracold plasma
parameters, although the antiparticles are held in traps
with magnetic fields on the order of a tesla. The big pay-
off for antihydrogen experiments will be to make pre-
cision spectroscopy measurements of the transitions in
antihydrogen compared to hydrogen, which may lead
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to the most precise tests of the CPT theorem for baryons.
No antiparticle has ever had its gravitational mass mea-
sured, and antihydrogen is our best shot at such a mea-
surement, which is important given our fundamental in-
ability to connect the theory of gravity with quantum
mechanics. For any of these applications, it is critical
that the antihydrogen atoms be in a well-defined state,
which by default is almost certainly the ground state.

As we have seen in ultracold plasma research, re-
combination proceeds to highly excited Rydberg states
that can have very long radiative lifetimes, such that
the atoms may leave the trapping volume before they
reach the ground state. The ATRAP experiment has
made measurements showing that the antihydrogen
atoms they detect are in Rydberg states but showed
some unexpected features of a surprising number of
deeply bound atoms as well as large antihydrogen ve-
locities [16]. These mysteries have recently been ex-
plained by Pohl et al. at Harvard University [17], with
numerical simulations of the recombination collision
that show some fundamental differences between low
field and high field recombination and subsequent elec-
tron—Rydberg collisions, explaining the enhancement of
deeply bound atoms, and the identification of a charge
exchange process between antiprotons and antihydro-
gen that explains the fast atom production. While the
antihydrogen collaborations work on ways to produce
slow, ground-state trappable atoms, it may be that ultra-
cold plasma research (done at small scale rather than at
an accelerator facility) may learn enough about recombi-
nation to generate some new ideas for the antihydrogen
efforts.

One notable difference between the antihydrogen
work and most ultracold plasma research is the large
magnetic field. At tesla fields an electron in a Ryd-
berg atom is more tightly bound to the field than to
the ion, and the atoms, known as guiding center atoms,
follow trajectories more related to charged particle tra-
jectories in crossed E and B fields than simple neutral
atoms. As we can imagine, a collision between a guid-
ing center atom and electrons may act very differently
than at low field. There has been recent work by Choi
et al. at the University of Michigan [18] to move ultra-
cold plasma research into the regime of high magnetic
fields, but without the complications of antiparticles and
particle accelerators. Magnetically trapped and cooled
rubidium atoms are photoionized to form a plasma in
which they observe confinement of both electrons and
ions for several milliseconds, electron cooling, and par-
ticle loss due to E x B drift motion. This experiment is
a reversal of the antihydrogen experiments, where the
plasma is first confined and then the neutral antihydro-
gen magnetically trapped (in the future), but should of-
fer insight and guidance for antihydrogen production in
terms of high field effects on recombination, plasma life-
times, and high field Rydberg atom physics.

Because ultracold plasmas are so cold, it should not
require large magnetic fields to confine them [note that
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the cyclotron (Larmor) radius of a 10 K electron is 70 ym
in a 10 G magnetic field]. We recently examined the ra-
dial expansion of an ultracold plasma in a uniform field
[19]. In a field-free plasma, the electrons are effectively
bound to the massive ions, and thus the two charge
species expand together at the ion velocity. In a mag-
netic field where the electron Larmor radius is less than
the size of the plasma, the electrons become “bound” to
the field lines, and the ions are confined by the electric
field from the electrons, a sort of role reversal. In fields
of up to 70 G, the radial expansion velocity reduced by
a factor of five to 15 m/s. If the electrons are indeed
bound to the field lines, how did the plasma expand at
all? It is due to ambipolar diffusion, a well-known phe-
nomena in plasmas with oppositely charged particles.
An electron and an ion can momentarily pair up, and
drift across field lines acting as if they are neutral. The
surprise in this case was the scaling that went as B~1/2
rather than the expected B~!. This is a result of the dy-
namically evolving nature of expanding ultracold plas-
mas, as the density and temperature decreases during
expansion. Our future plans include adding a magnetic
mirror geometry to try to achieve full 3D confinement
and the ability to study the plasmas for longer times, al-
though this will still inevitably be limited by diffusion.

Collective excitations

Perhaps the defining characteristic of plasmas is the
wide variety of collective phenomena that arise out
of the long-range Coulomb interaction between the
charged particles. Understanding plasma collective be-
havior is important to the understanding of plasmas
ranging from the earth’s ionosphere, the sun, to galax-
ies. Control of collective plasma modes is critical in var-
ious applications including fluorescent lighting and con-
trolled fusion. The long standing challenge to produce a
viable source of fusion energy is really a story of learn-
ing how to deal with runaway collective behavior that
produce plasma instabilities, sapping the reactor of the
necessary density and temperature to sustain a fusion
reaction.

The first observation of a collective mode in an ultra-
cold plasma was the NIST measurement of the plasma
(Langmuir) oscillation frequency [7], which is simply
the frequency at which electrons oscillate when dis-
placed from the ion centers. Because it depends only
on the electron density (and fundamental constants) it
was used as a probe of plasma density. More recently,
we observed a set of collective modes related to elec-
tron sound waves, known as Tonks-Dattner resonances
[20]. The first observation of an ultracold plasma in-
stability [21] grew out of attempts to do optical pump-
ing on the neutral atoms. This led us to apply a small
(~ 1 G) magnetic field transverse to the usually present
small ( 10 mV/cm) electric field that guides electrons
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toward the charged particle detector. The typical ultra-
cold plasma signal, monitoring electrons released from
the plasma during its expansion, is a smooth curve of
released electrons vs time, due to electrons evaporating
out of the Coulomb potential formed by the ions as it
gets shallower due to plasma expansion. With the ap-
plication of the small crossed E and B fields, periodic
emission of pulses of electrons was observed (left panel
of Fig. 3). The experiment could produce a plasma
once per second, and each shot showed the approxi-
mately the same characteristic frequency, albeit with dif-
ferent phase, clearly pointing to plasma instabilities. By
varying the applied magnetic and electric fields the fre-
quency of emission was observed to scale linearly with
E/B, clearing suggesting a phenomena associated with
E x B drift velocities. The instabilities occur at surpris-
ingly small fields (10 mV/cm and 0.5 G) and persist
with the same frequency over many orders of magni-
tude change in the expanding plasma density.

By measuring the system parameters that lead to pos-
sible instabilities as the electrons are magnetized (with
collision rate less than Larmor frequency and Larmor
radius less than plasma size) and the ions are not, we
have identified this phenomenon as a high-frequency
drift instability. This has been observed and studied in
the context of Hall thrusters, plasma-based spacecraft
propulsion engines favored by the Russian space pro-
gram and which are now under consideration for US
spacecraft. Although the parameter regime and mode
frequencies agree with this particular instability, there
are still some mysteries. The applied magnetic field is
perpendicular to the detector axis, so the Larmor mo-
tion should prevent the electrons from making it to the
detector, unless they undergo large orbits (> 1.5 cm) that
take them into a region of high electric field. In an at-
tempt to look for such large orbits, the electron density
was imaged by rapidly accelerating the electron cloud
onto an imaging charged particle detector. When there
are no crossed fields, the electron distribution is a well-
behaved Gaussian distribution. With the addition of the
transverse field that is associated with the periodic elec-
tron emission, the electron distribution is seen to break
up into two to three lobes (right panel of Fig. 3). They
do not extend to a region to provide escaping electrons,
but clearly this large-scale density structure is integral
in some way to the instability.

Future challenges

Ultracold plasma physics has grown out of atomic
physics technology and research, and it is only natu-
ral to try to continue to utilize our techniques to fur-
ther push the limits of plasma parameters. Experiments
with calcium and strontium have the unique feature
that there is an easily accessible strong optical transition
in the ions. This has been exploited for laser absorp-
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FIG. 3: (Left) Emission of electrons from an expanding xenon
plasma. The black curve is the usual signal in zero field due
to evaporation of electrons during expansion. The three red
curves show periodic bursts of electrons for three different re-
alizations of the plasma, due to a plasma instability arising
from crossed E and B fields of 10 mV/cm and 2 G. (Right) Im-
age of the electron distribution under conditions of periodic
electron emission showing breakup of the plasma.

tion and fluorescence measurements to give images and
Doppler spectra of the ions. It is interesting to consider
whether we can employ laser cooling of the ions (a well-
established atomic physics technology) to generate mil-
likelvin ion temperatures and push the ions very deeply
into the regime of strong coupling. Estimates suggest it
should be possible [? ], but the challenge will be whether
the laser cooling capabilities can win out over the vari-
ous heating mechanisms that exist in ultracold plasmas,
including those that are known and possible others that
have not yet been identified. Another intriguing pos-
sibility would be to introduce correlations in the neu-
tral atom locations by photoionizing from an optical lat-
tice (a periodic potential for neutral atoms formed by
interfering laser beams), although these correlations are
likely to be different from the strongly coupled plasma
correlations.

Ultracold plasma research is primarily concerned
with the fundamental properties of plasma in new pa-
rameter regimes, but there is also active ongoing re-
search exploring their use for the production of very mo-
noenergetic electron and ion beams. Research in ultra-
cold plasmas may in the end offer insights into a wide
variety of systems, such as plasma propulsion systems,
the ionosphere and other astrophysical environments,
and inertially confined plasmas for fusion.
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