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Our goal is to study the effects of long-range correlations among ions in regard to their statistical characteristics 
using ion clouds confined in a linear rf ion trap. It is important to generate a simple ion cloud which shows the 
smooth phase change between gas and solid for detailed research on the effects of the Coulomb interaction. The 
competition between rf-heating and laser-cooling effects usually leads to a discrete change in ion temperature; 
therefore, the generation of rf-heating free ion clouds is required. In this paper, the difference in the cooling process of 
3-dimensional and 1-dimensional ion clouds is discussed. The smooth phase change in 1-dimensional ion clouds is 
confirmed by observing the cooling process. 
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1. Introduction 
An rf ion trap (Paul trap) is a device that confines 

charged particles using an rf electric field. Coulomb 
systems composed of ions trapped in an rf trap are suitable 
for detailed research on long-range correlating systems, 
since the interaction between the trapped ions and 
surrounding environment is weak, and the scale of the 
system can be easily controlled. In addition to this, the 
temperature of the trapped ions can be cooled to lower than 
1 K by applying laser-cooling techniques. The correlation 
among the trapped ions is indicated by the Coulomb 
coupling parameter Γ, defined as the ratio of the Coulomb 
interaction energy between ions to the thermal energy of 
ions: 

TkaQΓ Bws0
2 4/ πε= . 

Here, ε0 is the permittivity of the vacuum, Q is the charge 
of an ion, kB is the Boltzmann’s constant, T is the 
temperature, and aWS is the Wigner-Seitz radius: 

( ) 3/14/3 naws π= , 
where n is the number density of the ions. The plasma with 
Γ larger than 1 is called as strongly-coupled plasma. If Γ 
exceeds 172, the plasma is crystallized. It is possible to 
generate a gas-, liquid- or solid-state ion cloud in the ion 
trap, since the temperature of trapped ions can be 
controlled over a wide range by the laser cooling 
techniques. The gas-state plasma is well described by 
Boltzmann-Gibbs (BG) statistics; however, the validity of 
BG statistics for the strongly correlated systems is not clear. 

Recently, several types of non-BG statistics which describe 
the long-range correlated system have been proposed. The 
Tsallis entropy is one of the possible generalizations of the 
Boltzmann-Shannon entropy, which is defined as  
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where pi is the probability associated with an event, W is 
the total number of possible configurations, and q is the 
parameter introduced for the generalization [1]. Many 
pieces of theoretical and experimental research on Tsallis 
statistics have been reported [2]; however there is no clear 
explanation of how q can be determined in individual 
experimental systems. On the other hand, the 
non-extensibility of the Tsallis entropy implies the 
suitability for a system governed by long-range interaction. 

Our goal is to study the effects of the long-range 
correlations among ions in regard to their statistical 
characteristics using ion clouds confined in a linear rf ion 
trap. The dynamics of the trapped ions is governed by rf 
heating, laser cooling (or heating), and Coulomb 
interaction [3]. Rf heating usually complicates the ion 
dynamics, therefore the generation of rf-heating free ion 
clouds is required. In this study, we used a linear rf trap. 
One of the advantages of a linear rf trap is the absence of 
the direct coupling between the ion motion and the rf 
electric field in the direction of the trap axis. The effects of 
rf heating in the radial direction is coupled to the axial 
motion via the Coulomb interaction in 3-dimensional (3D) 
ion clouds. Since the rf electric field is negligible on the 
trap axis, 1-dimensional (1D) ion clouds aligned on the 
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Figure 1 Diagram of the relevant states of Ca+ laser 
cooling. 
 

 
 

 
Figure 2 Schematic diagram of the experimental setup. 

trap axis are the ideal Coulomb system that minimizes rf 
heating effect.  

In this paper, the laser induced fluorescence (LIF) 
spectrum and the images of the 1D and 3D ion clouds were 
observed during the cooling process. The advantage of the 
1D ion cloud is described from the viewpoint of the 
controllability of the ion temperature.  
 

2. Experiment 
A linear rf trap was installed in a stainless steel 

chamber evacuated to less than 3×10-10 Torr using an ion 
getter pump. The trap was composed of four cylindrical rf 
electrodes and two dc end-electrodes. The rf and dc 
electrodes were made of copper and stainless steel, 
respectively. The diagonal distance of the surface of the rf 
electrodes was 8.8 mm, and the diameter of the rf 

electrodes was 4 mm. Voltage applied to the rf electrodes 
was 180 ~ 210 V at 2.8 MHz. Distance between the two dc 
electrodes was 20 mm. Confinement of ions in the axial 
direction was achieved by the static field generated by the 
dc electrodes. Voltage applied to the dc electrode was 4 ~ 
60 V. 

40Ca+ was used in our experiment, since all the 
transitions of the cooling cycle can be driven by 
commercial laser diodes. A calcium vapor oven and an 
electron gun were arranged face to face on both sides of 
the ion trap. To decrease the calcium contamination of the 
trap electrodes, calcium vapor was collimated by a 
skimmer. The calcium vapor and the electron beam were 
introduced to the confinement region, and the ions were 
generated by electron bombardment of the calcium vapor. 
Generated ions were cooled using laser cooling techniques. 
The relevant states of 40Ca+ laser cooling are shown in Fig. 
1. Since approximately 90% of the P1/2 state ions decayed 
to the S1/2 state, the S1/2-P1/2 transition, excited by a 397-nm 
laser, was the main cooling-transition. The LIF of the 397 
nm light was used to observe the cooled ions. A portion of 
the ions excited in the P1/2 state fell into the meatastable 
D3/2 state; therefore an 866-nm laser was used for 
re-pumping the ions in the D3/2 state to the P1/2 state. The 
frequency of the re-pumping laser was continuously swept 
around the resonance frequency to cover the Doppler 
broadening of the D3/2- P1/2 transition.  

Figure 2 shows the schematics diagram of the 
experimental setup. The 866 and 794-nm laser lights were 
obtained by extended-cavity diode lasers (ECDL). The 
output power of the 866-nm and 794-nm ECDLs were 10 
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and 40 mW, respectively. The spectra of the laser lights 
were monitored using Fabry-Perot interferometers (FPI) to 
confirm single-mode operation of the ECDLs. The 397 nm 
laser light was obtained by the second-harmonic generation 
(SHG) of the 794-nm laser light using a nonlinear crystal 
(LBO) installed in a ring cavity. The power of SHG was 
450 μW. Since the temperature of laser-cooled ions is 
sensitive to the frequency of the 397-nm laser, the 
short-term fluctuation and the long-term drift of the laser 
frequency was stabilized by using optical feedback from 
the ring cavity and controlling the resonator length of the 
ring cavity respectively [4, 5]. The 397 and 866-nm lasers 
were divided into two components and superimposed 
before being introduced from 0° and 45° to the trap axis. 
Two degrees of freedom of ions were cooled 
simultaneously. The LIF signal of the S1/2-P1/2 transition 
was used for ion detection. The ion cloud was observed 
from the side of the linear trap. Integration of the LIF 
signal was detected using a photomultiplier tube (PMT) 
and a photon counter. The image of the ion cloud was 
observed using an intensified charged coupled device 
(ICCD) camera with a 10-magnification imaging-lens 

system. 

3. Results 
Figure 3 shows the images of the ion clouds confined 

in the linear rf trap. The cloudy state ions (Fig. 3a) were 
crystallized by decreasing the number of ions (Fig. 3b). 
The number of trapped ions was decreased by shutting 
down the re-pumping laser and decreasing the confinement 
potential. 1D ion crystal was made of the ellipsoidal ion 
crystal by changing the ratio of the radial-to-axial 
confinement potentials (Fig. 3d). The ion clouds in the left 
column (Fig. 3a-c) are classified as 3D ion clouds; on the 
other hand, the ion clouds in the right column (Fig. 3d-f) 
are classified as 1D ion clouds. The cooling processes of 
the 3D ion cloud (Fig. 3a) and the 1D ion cloud (Fig. 3d) 
were observed.  

Figure 4 shows the LIF spectrum of the middle-sized 
3D ion cloud (Fig. 3a). Here, the rf voltage and dc voltage 
were 180 V and 60 V respectively. Since the laser cooling 
technique works by tuning the frequency of the cooling 
laser below the cooling transition, the LIF spectrum was 
obtained by sweeping the frequency of the 397-nm laser 
from the low frequency side to the resonance center 

Figure 3 Generation of ellipsoidal and string ion 
crystal. 

 

 
Figure 4 LIF spectrum of  the 3D ion cloud (Fig. 3a).

 

Figure 5 ICCD images of ion cloud taken at the point 
of “a” and “b” in Fig. 4. 
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Figure 6 LIF spectrum of the 1D ion cloud (Fig. 3d). 
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(755.4361 THz). The horizontal axis of the spectrum is the 
frequency of laser tuning. The LIF spectrum showed a 
discrete drop at -130 MHz. The ion temperature was 
roughly estimated as 3 K using the LIF spectrum of the 
range of -130 to -20 MHz. The mechanism of the sudden 
drop is not fully clarified yet; however it is thought that the 
changes in the relation between rf heating and the laser 
cooling effects causes the discrete change [6]. Figures 5(a) 
and 5(b) show the images taken at the point “a” and “b” in 
Fig. 4, respectively. Intensity distributions at the cross 
sections indicated by the broken lines are also displayed. 
Simultaneously with the change of the LIF spectrum, the 
radial distribution of the ion cloud shrank, and the ion 
distribution in the axial direction changed from a hump 
type to a plateau type. The change of the intensity 
distribution indicated a sudden drop of the ion temperature 
and a rapid growing of the effect of the Coulomb 
interaction among ions. Since we plan to study the effects 
of the Coulomb interaction by sweeping the ion 
temperature, the discrete change of the ion temperature is 
inconvenient. Figure 6 shows the LIF signal of the 1D ion 
cloud (Fig. 3d). Here, the rf voltage and dc voltage were 
210 V and 4 V, respectively. The LIF spectrum did not 
show a clear fluorescence dip, since the ions were confined 
on the trap axis where the rf heating effect was negligible. 
Sequential images taken through the cooling process of the 
1D ion cloud showed a smooth phase change from gas to 
solid (Fig. 7). The smooth controllability of this phase of 
the ion cloud was a great advantage for the study of the 
effect the Coulomb interaction. 
 

4. Conclusion 
The cooling process of the 3D and 1D ion clouds was 

studied to find out a suitable ion cloud for the research of 
the effects of long-range correlations among ions on their 
statistical characteristics. The LIF spectrum and the images 
of the 3D ion cloud showed the existence of discrete 
changes in ion temperature during the cooling process. 
Since a detailed study in the vicinity of the border between 
weakly- and strongly-coupled plasmas is important, the 
discrete changes in ion temperature are inconvenient. On 

the other hand, the state of the 1D ion cloud smoothly 
changed from the cloudy state to the solid state, because rf 
heating was negligible for the 1D ion cloud confined on the 
trap axis. The experimental results showed the advantage 
of the 1D ion cloud to study the effects of the Coulomb 
interaction on the characteristics of ion clouds. 
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Figure 7 Sequential images taken during the cooling process of the 1D ion cloud (Fig. 3d). The cooling process is 
depicted beginning from the image in the upper-left and ending with the final image in the lower-right.  
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