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1. INTRODUCTION 
1 + We have observed spatial correlations with up to 15 000 Be ions in a 

Penning trap with a coupling (defined below) of r > 100. 
are strongly affected by the boundary conditions and take the form of 

concentric shells as predicted by computer  simulation^.^-^ 
briefly describe the experimental confinement geometry and the method of 
producing low temperature ions. The relatively large-spacings between the 

ions (- 20 pm) permit the shells to be directly viewed by imaging the Be' 

laser-induced fluorescence onto a photon-counting camera. Diagnostic 

techniques capable of measuring the ion diffusion are then discussed, 

Qualitative observations of the ion diffusion are compared with theoretical 

predictions. 

These correlations 

In this paper we 

2. CONFINEMENT GEOMETRY 

The Penning trap uses a static, uniform magnetic field and a static, 

axially symmetric electric field for the confinement of charged particles. 

The magnetic field, which is directed along the z axis of the trap, provides 
confinement in the radial direction. 

trap along the z axis by the electric field. 
electric field was provided by three cylindrical electrodes as shown in Fig. 

1. The dimensions of the trap electrodes were chosen so that the first 

anharmonic term (i..e. fourth order term) in the expansion of the trapping 

potential was zero. Over the region near the trap center, the potential can 

be expressed (in cylindrical coordinates) as 0 = AVo(2z -r ) where A = 0.146 

cm . A background pressure of 10- Pa(= 10-l' Torr) was maintained by a 

triode sputter-ion pump. 

the group of the University of California at San Diego (UCSD) 
exception that our trap is smaller than the UCSD traps. 

The ions are prevented from leaving the 

In the work described here, the 

2 2  

-2 

The confinement geometry is similar to that used by 
5 with the 

*Contribution of the U.S. Government, not subject to copyright. 
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FIGURE 1 
Schematic drawing of the trap electrodes, laser beams, and imaging system (not 
to scale). The overall length of the trap is 10.2 cm. The trap consists of 
two end cylinders and two electrically connected central cylinders with 2.5 cm 
inner diameters. Ion clouds are typically less than 1 mm in both diameter and 
axial length. The diagonal cooling beam crosses the cloud at an angle of 51" 
with respect to the z axis In the experiments, B = 1.92 T or 0 . 8 2  T and V 
ranged between 20 V and 200 V. 

The stored ions can be characterized by a thermal distribution where the 

"parallel" (to the z axis) temperature TII is approximately equal to the 
"perpendicular" temperature T . This thermal distribution is superimposed on 

a uniform rotation of the cloud at frequency o which, at the low 

temperatures of this experiment, is due to the ExB drift, where E is the 

electric field due to the trap voltage and the space charge of the ions. In a 

frame of reference rotating with the ions, the static thermodynamic properties 

of an ion cloud confined in a Penning trap are identical to those of a one- 

component plasma (OCP).7 

embedded in a uniform-density background of opposite charge. 

of ions in a Penning trap, the trapping fields play the role of the 

neutralizing background charge. 

coupling constant, 

6 - 9  I 

+ +  + 

An OCP consists of a single species of charge 

For the system 

An OCP is characterized by the Coulomb 
7,lO 

2 r = q /(askBT), 

which is a measure of the nearest-neighbor Coulomb energy divided by the 

thermal energy of a particle. 

temperature. 

is the charge density of the neutralizing background. 

The quantities q and T are the ion charge and 

0 
In the Penning trap the 

The Wigner-Seitz radius as is defined by 47ra 3n0/3=1, where -qn 



Finite, strongly coupled ion plasmas 179 

background density no depends on the rotation frequency w and the cyclotron 

frequency n and is given by 6-9  

(1) 
2 no = mw(O-o)/(2rq ) .  

3. LASER COOLING AND COMPRESSION 
The ion density that can be achieved in a Penning trap is limited by the 

magnetic field strength that is available in the laboratory. Consequently to 
obtain large values of r and therefore strong couplings, a technique to obtain 
low ion temperatures is necessary. In our work, radiation pressure from 

lasers is used to reduce the temperature of the stored ions to less than 10 

mK. 

of laser light by atomic particles. The laser is tuned to the red, or low- 

frequency side of the atomic "cooling transition" (typically an electric 

dipole transition like the D lines in sodium). 

opposite to the laser beam propagation (k-v < 0 )  will be Doppler shifted into 

resonance and absorb photons at a relatively high rate. 

wave vector ((k(=2z/XI where X is the wavelength of the cooling radiation). 

For the opposite case (k.v > 0 ) ,  the ions will be Doppler shifted away from 

the resonance and the absorption rate will decrease. When an ion absorbs a 

photon, its velocity is changed by an amount Av = hk/m due to momentum 

conservation. Here Av is the change in the ion's velocity, m is the mass of 
the ion, and 2x12 is Planck's constant. The ion spontaneously reemits the 

photon symmetrically. In particular, when averaged over many scattering 

events, the reemission does not change the momentum of the ion. The net 

effect is that for each photon scattering event, the ion's average velocity is 

reduced by hz/m. To cool an atom from 300 K to millikelvin temperatures takes 
typically lo4 scattering events but, since scatter rates can be 10 / s ,  the 

cooling can be rapid. 

This technique, known as laser cooling, ''-I3 uses the resonant scattering 

Ions with a velocity component 
+.+ 

+ 
Here, k is the photon 

+ 

+ +  

+ +  

+ 

8 

SlI2 + 2p 2P3/2 I'D2" transition was used as 2 In our work with Be+, the 2 s  

the cooling transition as indicated in Fig. 2. Cooling laser beams were 

directed both perpendicularly and at an angle with respect to the magnetic 

field as indicated in Fig. 1. This enabled us to control the cloud size and 
obtain the lowest possible temperatures. 14'15 The 313 nm radiation required 

to drive this transition was obtained by frequency doubling the output of a 

continuous wave, narrow band (3 MHz) dye laser. The 313 run power was 

typically 50 pW. The theoretical cooling limit, due to photon recoil 

is given by a temperature equal to hy/(Zk ) where y is the effects, 

radiative linewidth of the atomic transition in angular frequency units. 
the Be+ cooling transition (7  = 2r x 19.4 MHz), the theoretical minimum 

temperature is 0.5 mK. 

B 
For 
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FIGURE 2 

9 + ZS 9nergy level structure of the 

las r cooling (pump) and depopulation (probe) transitions are shown. 

Be ground state and the first excited 
P3k2 state. The magnetic field spliid'each state into its mJ sublevels. The 

Laser scattering can also be used to change the angular momentum 

compress the stored ion The z component of the canonical 

momentum for an individual ion in the plasma is 

2 
qBr 

1 = m v r +  - .  
2c e 

The two terms 

field angular 

plasma is 

Here N is the 

and 

angular 

(2) 

in Eq. ( 2 )  are the ion's mechanical angular momentum and the 

momentum. The total z component of the angular momentum of the 

2 total number of ions and <r > is the mean-squared radius of the 
plasma. For most of the work described in this paper w << n and 

( 4 )  
2 - <r > > 0. Lz = 2 

Therefore the total angular momentum is dominated by the field angular 

momentum. Suppose the cooling laser beam is directed normal to the z axis but 

at the side of the plasma which is receding from the laser beam due to the 

plasma rotation. 

direction, the torque of the laser on the ions will also be negative. 

Consequently, angular momentum is removed from the plasma and according to Eq. 

(4) the radius of the plasma must decrease. In general, the plasma is 

compressed until the torque due to the cooling laser is balanced by another 

Because the rotation of the positive ions is in the -8  
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external torque. As the radius decreases, the density of the plasma 

increases. 

Even in the absence of external torques, there is a limit to how far the 

plasma can be compressed. From Eq. (l), the maximum density, known as the 

Brillouin density, occurs when the rotation frequency w = n/2. 

density is given by 

The Brillouin 

We have recently been able to achieve densities at or near the Brillouin 

limit. In fact we have also been able to achieve rotation frequencies w > n/2 

where according to Eq. (1) the ion density decreases. In these experiments, 
the temperature was not determined. At the magnetic field of 1.92 T used in 

some of the work discussed here, the Brillouin density is l.lx109 

density with the theoretical minimum 0.5 mK temperature, results in a coupling 

r - 5500. For the work reported here, we have been able to obtain ion 
temperatures in the 1-10 mK range with densities 5-10 times less than the 

Brillouin density. 

This 

This results in couplings r of a few hundred. 
We measured 8'14'15 the ion density and temperature by using a second 

laser, called the probe laser, to drive the "depopulation" transition as 

indicated in Fig. 2. The cooling laser optically pumps the ions into the 

2S1/2 mJ=+1/2 state. 

by the ions) from this transition is used as a measure of the ion population 

in the m =+1/2 state. 

the 2S1/2 mJ=+1/2 state to the 2P3/2 mJ=-1/2 state where the ions decay with 
2/3 probability to the 2S1/2 mJ=-1/2 state. This causes a decrease in the 

m =-1/2 state is a "dark" state a observed ion fluorescence because the 

(state which does not fluoresce in the cooling laser). The ion temperature is 

obtained from the Doppler broadening of the resonance lineshape when the probe 

laser is scanned through the depopulation transition. 

frequency is measured from the shift in the depopulation transition frequency 

as the probe laser is moved from the side of the plasma rotating into the 

laser beam to the side of the plasma rotating with the laser beam. 

measured rotation frequency, the density is calculated from Eq. (1). The 
measured density and temperature is used to calculate the coupling r .  

The resonance fluorescence (i. e. laser light scattered 

The probe laser drives some of the ion population from J 

'1/2 J 

The ion rotation 

. From the 

4. OBSERVED CORRELATIONS 

With measured couplings r > 100, we anticipate that the ions will exhibit 
correlated behavior. If the number of stored ions is large enough for 
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infinite volume behavior, the ions may be forming a bcc lattice.'' Until now 
we have cooled and looked for spatial correlations with up to 15 000 Be ions 

stored in the Penning trap of Fig. 1. A currently unanswered question is how 

many stored ions are required for infinite volume behavior, i.e. the 

appearance of a bcc lattice for r > 178. For a finite plasma consisting of a 

hundred to a few thousand ions, the boundary conditions are predicted to have 

a significant effect on the plasma state. Simulations involving these numbers 
of ions in a spherical trap potential predict that the ion cloud will separate 

into concentric spherical  shell^.^-^ Instead of a sharp phase transition, the 
system is expected to evolve gradually from a liquid state characterized by 

short-range order and diffusion in all directions, to a state where there is 

diffusion within a shell but no diffusion between the shells (liquid within a 

shell, solid-like in the radial direction), and ultimately to an overall 
solid-like state .4 

potential as well if the spherical shells are replaced with shells 
approximating spheroids. 

nonspherical case support this conjecture. 

+ 

These conclusions should apply to a nonspherical trap 

Independent theoretical  investigation^'^ ' l7 of the 

We have observed shell structures with 'Be' ions stored in a Penning trap 

by imaging the laser induced fluorescence from the cooling transition. This 

technique is sensitive enough to observe the structures formed with only a few 

ions in a trap. About 0.04% of the 313-nm fluorescence from the decay of 
the 2P state was focused by f/10 optics onto the photocathode of a 

resistive-anode photon-counting imaging tube (see Fig. 1). The imager was 

located along the z axis, about 1 m from the ions. The imaging optics was 

composed of a three-stage lens system with overall magnification of 27 and a 

resolution (FWHM) of about 5 pm (specifically, the image of a point source 

when referred to the position of the ions was approximately 5 pm in diameter). 

Counting rates ranged from 2 to 15 lcHz. Positions of the photons arriving at 

the imager were displayed in real time on an oscilloscope while being 
integrated by a computer. The probe laser could be tuned to the same 

transition as the cooling laser and was directed through the cloud 

perpendicularly to the magnetic field. With the probe laser turned on 

continuously, the cooling laser could be chopped at 2 wlz (50% duty cycle) and 

the image signal integrated only when the cooling laser was off. 

portions of the cloud could then be imaged by the translation of the probe 

beam, in a calibrated fashion, either parallel or perpendicular to the z axis 

Images were also obtained from the ion fluorescence of all three laser beams. 

3/2 

Different 
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FIGURE 3 
Images of shell structures obtained with B = 1.92 T. (a) A single shell in a 
cloud containing approximately 20 ions. 
aspect ratio a (axial length/diameter) = 6.5. This image was obtained from 
the ion fluorekence of the perpendicular and diagonal cooling beams. 
Sixteen shells (probe-beam ion fluorescence only) in a cloud containing about 
15 000 ions with V, = 100 V and ar.= 0.8. 
column in the same cloud as (b), with Vo = 28 V and a 
shows the ion fluorescence from all three laser beamsr 
about 100 s for all images. 

Trap voltage Vo = 14 V and cloud 

(b) 

(c) Eleven shells plus a center 
= 2.4. This image 
Integration times were 

We have observed shell structure in clouds containing as few as 20 ions 

(one shell) and as many as 15 000 ions (sixteen shells). Images covering this 

range are shown in Fig. 3 .  Even with 15 000 ions in the trap there is no 

evidence for infinite volume behavior. We measured the coupling constant r 
for several clouds containing about 1000 ions. Drift in the system parameters 

was checked by verifying that the same images were obtained before and after 

the cloud rotation frequency and ion temperatures were measured. 

shows examples of shell structures at two different values of I'. The first 

image is an example of high coupling (r = 180) and shows very good shell 
definition in an intensity plot across the cloud. 

example of lower coupling ( r  = 5 0 )  and was obtained with cooling only 

perpendicular to the magnetic field. Variations in peak intensities 

equidistant from the z axis are due to signal-to-noise limitations and 

imperfect alignment between the imager x axis and the probe beam. 

Figure 4 

The second image is an 
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-100 0 100 Y -100 0 100 

FIGURE 4 
Intensity plots along the imager x axis (parallel to the probe beam) through 

the center of the ion cloud with corresponding images (above). 

r = l S O + ~ ~  (T = 6 ? $  mK, no = 7x10 
(b) r = 50:;: (T = 33:;: mK, no = 2x10 

contained about 1000 ions and B = 1.92 T in both cases. 

(a) 
7 ions ~ m - ~ ) .  

8 - 3  ions cm 

Cloud aspect ratio ar = 3.5. 

) ,  ar = 5. The clouds 

We obtained three-dimensional information on the shell structure by taking 

probe images at different z positions; two types of shell structure were 

present under different circumstances. 

near the ends of the cloud, indicating that the shells may have been closed 

spheroids. 

images near the ends of the cloud where the curvature was greatest. 
have been due to the averaging of the shells over the axial width of the probe 

beam. In the other type of shell structure, it was clear that the shells were 

concentric cylinders with progressively longer cylinders near the center. 
example of these data is shown in Fig. 5. Other evidence for cylindrical 

shells was obtained from the observation that shells in the diagonal-beam 

images occurred at the same cylindrical radii as those from the perpendicular 

beams. This can be seen in the three-beam images such as that shown in Fig. 

3(c). 
yet been identified. 

The first type showed shell curvature 

Shell closure was difficult to verify because of a lack of sharp 
This may 

An 

Systematic causes of these two different shell configurations have not 

One comparison which can be made between the theoretical calculations and 

our experimental results is the relationship between the number of shells and 

the number of ions, N, in a cloud. For a spherical cloud, two independent 

approaches2 ' **  estimate (N/4)'l3 and (3N/4r)ll3 shells. 

spherical cloud of Fig. 3(b) (N = 15 000), these formulae predict 15.5 and 

For the nearly 



Finite, strongly coupled ion plasmas 185 

FIGURE 5 
Data showing evidence for concentric cylindrical shells. 
series of images obtained with the probe beam for different z positions z 
the probe beam (lower half of the cloud only). 
-40 pm and z = -178 pm are shown on the left. 
about 1.9 a d  B = 1.92 T. 

On the right is a 
of 

Intensity plots for z = 
The cloud aspect ratig ar was 

15.3 shells and we measure 16. At present, it is difficult to make further 

quantitative comparisons between our data and the theoretical calculations. 

For example, there is substantial uncertainty in our measurement of r due to 
uncertainty in the temperature measurement. Our data do agree qualitatively 

with the simulations with the exception, in some cases, of the presence of an 

open-cylinder shell structure as opposed to the predicted closed spheroids. 

Shear (that is, different rotation frequencies) between the shells could 

possibly account for this discrepancy. 

caused by differential laser torque or the presence of impurity ions.8 

the data here, we have determined that the rotation frequency does not vary by 
more than 30% across the cloud. 

In our experiment, shear could be 

For 

5. ION DIFFUSION 
The probe laser can be used to optically tag ions and observe the ion 

With the probe laser tuned to the depopulation transition (see 

J 
These ions will not fluoresce when they pass through the 

diff~si0n.l~ 

Fig. 2), ions in the path of the probe laser beam are put into the "dark" m = 

-1/2 ground state. 

cooling laser until they are optically pumped back into the m =+1/2 ground 

state. 

the probe laser on and measuring the length of time it takes the dark ions to 

J 
This repumping time is typically on the order of 1.0 s. By pulsing 
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diffuse from the probe beam to the cooling laser beam, it should be possible 

to measure the ion diffusion. By directing the probe laser beam to the radial 

edge of the plasma so that only the outer shell is intersected by the probe 
beam, it should be possible to observe the diffusion of ions in the radial 

direction or between shells. 

the cloud it should be possible to observe the diffusion of the ions in the 

axial direction or within a shell. 

O'Neil,4 for intermediate values of the coupling (r - 100) we expect to 
observe that the diffusion between shells is much slower than the ion 

diffusion within a shell (solid-like behavior between shells, liquid-like 

within a shell). As the temperature is lowered and the coupling r increases, 
the diffusion within a shell should smoothly slow down. 

couplings (i.e. r > 400) the diffusion should be very slow both between and 

within shells, indicative of solid-like behavior. 

By directing the probe beam to the axial edge of 

According to the simulations of Dubin and 

At high enough 

We have qualitatively observed the ion diffusion at intermediate values 

of r ( r  - 100-200). We observed that the diffusion of ions between shells is 

slow compared to the optical repumping time (- 1 s)  but that the diffusion 

within a shell (i.e. from the axial end of a shell to the z = 0 plane) is fast 
compared to this repumping time. We have also observed states with higher 

couplings (the couplings r were not measured) where the diffusion of ions both 
between and within a shell was slow compared to the optical repumping time. 

In the future we plan to make quantitative measurements of the ion diffusion. 
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