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•   Describe the research frontier and importance of the scientific challenge. 
 
 
When classical neutral plasmas are cooled to cryogenic temperatures, they rapidly recombine.  However, 
non-neutral plasmas that consist of species with the same sign of charge cannot recombine, and are 
therefore able to access novel states of matter: strongly coupled, strongly magnetized, and quantum liquid 
and quantum crystal regimes, governed by the Coulomb interaction between like-sign charges. The 
equilibrium and dynamical properties of these states pose a fundamental challenge to plasma physics and 
are of importance to a range of disciplines beyond plasma physics, including atomic physics, 
astrophysics, condensed matter physics, and antimatter physics (in particular, the effort to create and trap 
neutral antihydrogen). 
 Strong Coupling. Single-species cryogenic plasmas are an experimental realization of  the One 
Component Plasma (OCP), a venerable theoretical model of condensed matter whose properties have 
direct application to a number of other physical systems including degenerate matter found in the crust of 
white dwarf stars [1,2]. Equilibrium properties of the classical OCP depend on a single dimensionless 
parameter Γ , the coupling parameter. The Γ value in a white dwarf may range up to several hundred, and 
non-neutral plasmas with such Γ values can also be created and studied, allowing the examination of ultra 
high energy density matter using a cryogenic non-neutral plasma. Properties of these extreme materials 
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such as crystal shear strength[3], ion thermal conductivity[4,5], and even the Salpeter enhancement of 
nuclear reaction rates in a strongly-coupled plasma[6], can all be experimentally studied without having 
to replicate the extreme conditions of actual high energy density matter. 
 Strong Magnetization The behavior of plasmas in strong magnetic fields is of fundamental 
importance to a number of areas, including ICF plasma physics and plasma astrophysics. When the 
timescale for a two-body collision becomes longer than the cyclotron period, the plasma enters the novel 
regime of strong magnetization[7]. For laboratory magnetic fields (other than ultra-strong pulsed fields) 
this regime requires cryogenic conditions, but in astrophysical objects such as magnetars even high 
energy density plasmas could be strongly magnetized. Cyclotron energy then becomes an internal degree 
of freedom of guiding centers, bound up by a novel many-particle adiabatic invariant[8]. 
Many plasma properties are  strongly modified in this regime, including collisional processes such as 
collisional slowing [9] , energy equipartition[10],  electron-ion (or positron-antiproton)  three-body 
recombination[11], as well as transport properties such as cross-field thermal conduction, diffusion, and 
viscosity [4,12,13].  For example, the energy equipartition rate between parallel and perpendicular 
degrees of freedom becomes exponentially suppressed in the strongly-magnetized regime[8,10], as 
cyclotron motion becomes decoupled from the other degrees of freedom. The plasma can be described as 
a collection of N interacting guiding centers and the statistical mechanics of such an N-body system has 
many interesting properties; for example, Boltzmann collisions now involve ExB drift dynamics. The 
collision operator in the strongly magnetized regime is an ongoing research project in the 
Dubin/Driscoll/O’Neil group.  

When ions are introduced into a strongly magnetized electron plasma, recombination proceeds 
via the formation of novel guiding center atoms in which the electron ExB drifts around the ion[14].Such 
guiding center atoms are thought to play an important role in the antihydrogen formation experiments 
currently underway at CERN.  
 Quantum Liquids and Crystals  At sufficiently low temperatures, the quantum nature of cryogenic 
plasmas cannot be ignored. When  !ω p ≥ kBT , the phonons of a plasma crystal become quantized and the 
fluid phase must also be described quantum mechanically.  While quantum degeneracy effects are 
inaccessible in current experiments, the behavior of the OCP in the nondegenerate quantum regime has 
never been tested experimentally and is of current theoretical interest. For instance, a decrease in the 
required melting temperature of a plasma crystal due to zero-point energy has been predicted but never 
observed[15]. In addition, by entangling the quantized phonon degrees of freedom in an ionic plasma 
crystal with the ion spins via laser manipulation, novel many-particle entangled states can be created [16], 
of importance to the burgeoning fields of quantum simulation and quantum computation.  
 
•   Describe the approach to advancing the frontier and indicate if new research tools or capabilities 

are required.  
 
This area has historically benefitted from close collaboration between theory and experiment in small 
university-based research groups, and we urge the DOE to consider ways to advance this successful 
paradigm for physics research.  The experiments involve table-top Penning-trap plasma confinement 
devices, along with state of the art laser systems used to laser cool and manipulate ion plasmas. Electron 
and positron plasmas have also accessed the cryogenic regime using cooling through cyclotron radiation 
in a cold-bore Penning trap[10,17] .  Such experiments are excellent venues for graduate student 
education, since a single student can run the experiment.  
 
•   Describe the impact of this research on plasma science and related disciplines and any potential for 

societal benefit. 
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Work in the area of cryogenic non-neutral plasmas involves fundamental research on basic physical 
properties of systems in novel regimes. As such, its ultimate impact on society is unknowable. We believe 
that some  of the theory and experimental work will eventually be required study in physics courses. In 
the near term, understanding of the properties of cryogenic strongly magnetized plasma has been 
important in the effort to create and trap cold antihydrogen. The work on quantum simulation and 
quantum computation could play a pivotal role in advancing computational capabilities. The recent 
measurement of the Salpeter enhancement to fusion cross sections should have some impact on current 
controversies in the astrophysics community [18]. 
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Side view(a) and Top view (b) images of a crystallized ion plasma. From Ref. [19] 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

predicted ~Table II!. A plausible explanation for why this
occurs is the ions’ finite temperature. Dubin and O’Neil38
have determined the free energy of various lattice types for
the planar OCP as a function of both s and G . In Fig. 9 of
Ref. 37 they plot which of the two main lattices, fcc~111!
and bcc~110!, has the lower free energy for the regimes
200,G,5000. They found that as G was decreased, the
areal density above which the bcc~110! phase is exclusively
favored decreases. For example, when G5600, bcc~110! is
exclusively favored for n.30.

C. Shell structure in small OCPs
When the rotation frequency is increased the plasma

changes shape from oblate to prolate, and the lattice planes
near the plasma boundary bend in order to conform with the
curvature of the boundary. The minimum energy structure at
these regions consists of concentric shells, each made up of
imperfect 2D hexagonal crystal sheets.22,26 The shell curva-
ture results in a loss of correlation between shells since the
2D lattices on different shells get out of phase as one moves
along the shell surfaces.37 With small plasmas where bound-
ary effects are important, shell structure can be the minimum
energy structure of the cloud; that is, the shell structure exists
throughout the interior as well as near the plasma boundary.

Shell structure has been previously imaged in both Pen-
ning and rf trap experiments.7,27,28 The Penning trap experi-
ment showed differences with the simulations in that the
shells were observed to be open ended cylinders ~parallel to
the ẑ axis! rather than the predicted closed spheroidal shells.
In order to investigate this discrepancy with the present trap,
which includes the capability of taking side-view images, we
returned to the geometry of the previous experiments. Figure
7 shows side- ~a! and top-view ~b! images of shell structure
obtained on a plasma of N59000 Be1 ions and 15,000 im-
purity ions. Neither image was strobed with the rotating-wall
perturbation.

In Fig. 7~a! the parallel beam was chopped at 1 kHz, and
the side-view camera was gated on only when the parallel
beam was gated off. The perpendicular laser beam was then
translated up and down throughout the plasma, and the re-
sultant ion fluorescence was integrated over many transla-
tions of the beam, producing a slice of the shell structure
cutting through the plasma near the r50 axis. The viewing
optics are at 60° with respect to the perpendicular beam @Fig.
7~c!#, which, along with the small offset of the beam from
the r50 axis, produced an image with the shell structure
well defined on the right hand side of Fig. 7~a!. In Fig. 7~b!

the perpendicular laser beam was held fixed near the central
(z50! section of the plasma and the ion fluorescence pro-
duced by both the parallel and perpendicular laser beams
were integrated on the top-view camera. However, because
the camera was also focused on the central section of the
plasma, this figure essentially shows a cross section of the
shell structure near z50.

The ion plasma of Fig. 7 had 9 shells of 9Be1 ions that
were cylindrical near the middle (z50! section of the
plasma. The cylindrical shells were produced by the presence
of heavier mass contaminant ions, which centrifugally sepa-
rated and produced a cylindrical boundary to the lighter Be1

ions. Figure 7~a! shows a resolved spatial structure in the
axial direction and Fig. 7~b! in the radial directions. How-
ever, in agreement with the simulations, the cylindrical shells
are not open ended, but are closed by a curved shell struc-
ture. The curvature of the shells near the ends of the plasma
was also observed in top-view images like Fig. 7~b! when the
perpendicular laser beam was directed near an axial end of
the plasma. The reason for the frequent observation of open-
ended cylindrical shells in the earlier Penning trap experi-
ments is unknown, as we were not able to produce open-
ended cylindrical shells in this work. For example,
misaligning the trap symmetry axis with the magnetic field
by up to 0.3 mrad had no apparent effect on the shell struc-
ture.

D. Crystal structure in large OCPs
The formation of a structure in spherical plasmas with

many ions has been studied experimentally using Bragg
diffraction.4,5 Long-range order ~3D periodic crystallization!
was found to emerge in plasmas with N.50 000 ions ~radius
r0'37aws). Bulk behavior ~bcc crystals exclusively! was
observed in plasmas with N.270 000 (r0'60aws), and
lower limits to the crystal diameters of 17 and 28aws were

FIG. 7. Side-view ~a! and topview ~b! images of an ion cloud with rotation
frequency vr52p3 63 kHz confined into a cylindrical shape due to the
presence of centrifugally separated, heavier impurity ions. The viewing
angle of the side-view optics is shown ~top-view! in ~c!.

TABLE II. Incidence of phase IV ~bcc-like! in planar OCPs ~%!.

n planes Experiment T50 Theory

5 50 40
10 52 35
20 76 31
25 90 31
33 .97 26
45 .97 34
60 100
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