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The temperature of highly charged titanium ions produced and trapped in an electron beam ion trap 

was determined by precisely measuring the broadening of the emission line profile caused by the 

thermal Doppler motion. The measured temperature ranges from about 700 eV for deeply trapped 

ions to about 70 eV for ions in a shallow trap. The latter value represents the lowest temperature at 

which the x-ray emission of collisonally excited heliumlike Tim ions has ever been recorded, and 

the measured transitions represent the narrowest x-ray lines observed from highly charged titanium 

ions. 
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I. Introduction 

Characteristic x-ray lines of highly charged ions from virtually all plasma sources are 

broadened by the thermal motion of the emitting ions. In fact, the line broadening induced by the 

thermal motion represents a standard technique for measuring the ion temperature of high- 

temperature plasmas [l]. The line emission from laser-produced plasmas may be broadened 

further by opacity or density effects. The line emission observed in accelerator-based 

measurements is broadened by the Doppler effect, because the necessity for a finite acceptance 

angle entails viewing relativistic ions with different velocity components. The line emission from 

any of these sources may be broadened further by satellite lines populated by single or multiple 

electron capture into high-lying spectator levels. As a result of this broadening, the resolution and 

the precision with which measurements can be made is limited. 

I 

The electron beam ion trap (EBIT) facility uses a monoenergetic electron beam to produce 

and excite highly charged ions in a trap [2]. Because excitation processes can be selected by 

choosing the appropriate beam energies, the population of satellite transitions that may broaden a 

given line in plasma and accelerator sources are avoided 131. Moreover, the electron density is less 

than 5 x 1012 cm-3 so that opacity or density effects are unimportant and broadening effects that 

may affect highdensity plasma sources are absent. On the other hand, interaction with the electron 

beam causes strong heating of the ions; thus ion thermal broadening is expected to play a role in 

determining the widths of x-ray lines produced with an EBIT device [2]. The tempemure of the 

ions, however, must be limited by the fact that ions with enough kinetic energy to overcome the 

trapping potential will leave the trap and are lost. By adjusting the trapping potential it should thus 

be possible to reduce the ion temperam. In the absence of any other line-broadening mechanism 

we thus expect to observe x-ray lines with widths much less than achievable with any other s o m ,  

provided the temperature of the ions trapped in the EBIT device is reduced sufficiently. 4 

In the following, we present a measurement of the line widths of the transitions (is2p2)5~ 

+ (ls22p)3,2 and (ls2p2)3~ -+ (ls22p)1/2 in lithiumlike Ti19+. These transitions, in standard 
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notation dubbed j and k, respectively, are excited by dielectronic recombination of a beam electron 

with heliumlike T i m  ions in the ground state, Le., by the process 

1s2+e- + l s 2 p 2 j  ls22p+ hv. 

Because of the resonant nature of dielectronic recombination, this process occurs only at discrete 

electron energies, 3332 eV fori and 3329 eV fork. There is a spread of about 50 eV in the energy 

of the beam electrons [4] so that both transitions are excited simultaneously. The dielectronic 

resonance strengths of these lines are the strongest among the dielectronic resonances involving 

heliumlike Ti20+ ions [SI. Setting the electron beam energy to their resonance energy thus 

produces very intense lines that can be measured even when other transitions are too weak to be 

observed. In the following we show that by choosing the appropriate operating conditions the 

widths of these lines is reduced to 0.25 d corresponding to an ion temperature of merely 70 eV. 

This is the lowest ion temperature for which these transitions have ever been observed, and the 

lines thus repxsent the narrowest x-ray lines observed fmm highly charged titanium ions. 

11. Measurements 

The measurements were carried out with a von Himos-type high-resolution crystal 

spectrometer [a. A spectrometer based on this geometry functions like a flat-crystal spectrometer 

in the plane of dispersion but provides focusing for rays perpendicular to the plane of dispersion. 

To achieve this the analyzing crystal is bent cylindrically and placed such that the axis of the 

cylinder lies in the plane of dispersion. The von H h o s  geometry requires a point or line x-ray 

source. Because EBIT represents a slit-like line source, whose dimensions are determined by the 

6O-pm diameter electron beam and the 2-cm long trap length, such a spectrometer is ideally suited 

for high-resolution x-ray measurements on this facility. 

The resolving power of the spectrometer is determined by the radius of curvature of the 

crystal and thus by the overall dimensions of the spectrometer. In our measurements we employed 



a 120 x 50 x 0.25 mm3 quartz(203) crystal with a radius of curvature R = 240 cm and lattice 

spacing 26 = 2.749 A. The nominal resolving power attainable with this spectrometer is A/M = 

22,000 at a Bragg angle of 8 = 45’, as shown in Ref. 171. 

A sgectrum of the two lithiumlike satellite transitions obtained under operating conditions 

standard for spectroscopy is shown in Fig. l(a). Here, the beam current was 132 mA. The 

applied trapping potential was 200 V. The observed width of each line was 0.77 d, or hlM = 

3400, which was much wider than the limits given by the instrumental resolving power. Using the 

Doppler relation for line broadening 

where mi is the ion mass and c is the speed of light, we determined an ion temperature Ti = 685 eV 

horn the observed line width. 

Departing from the usual operating parameters employed for spectroscopy we lowered the 

ion temperature by successively reducing and ultimately eliminating the axial trap. The geometry 

of the EBlT trap is such that ions may be trapped by the electric potential generated by the electron 

beam even in the absence of an applied axial potential [2]. At I = 130 mA the effective trapping 

potential amounts to more than 40 V. To counteract such trapping by the beam we lowered the 

beam current to I = 52 mA and set the axial potential to V, = -20 V. This reduced the measured 

line width to 0.25 d, as illustrated in Fig. l(b). The value of hlAh achieved was 10,500. The 

infered ion temperature was a mere 70 eV. 

111. Discussion 

Using similar instrumentation and procedures (I = 106 mA, V,, = -10 V), we had 

measured earlier an ion temperature of 130 eV for heliumlike Ti2& [7]. The present measurement 

lowers the temperature of the ions in EBIT by 40%. 

While lowering the beam current and the trapping potential is accompanied by a reduction 

L 

of the intensity of the x-ray lines produced, the present measurements show that a very low ion 
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temperature can be achieved while still providing adequate signal strength for spectroscopic 

measurements. In fact, the signal-to-background ratio in Fig. l(b) was large enough that an 

additional loss in signal strength would not prevent further measurements. Moreover, the counting 

time was the same ( 11 hours) for each of the two spectra shown in Fig. 1. 

The production of cold highly charged ions is not only of importance to high-resolution 

spectroscopy, but also of great importance to the success of experiments conducted with extracted 

ions. For example, the spread of the ion velocities is a crucial parameter in capturing and thus in 

re-trapping of extracted ions [8], as well as for bunching of ions interacting in short bursts with 

surfaces [9]. Experiments are, therefore, planned to reduce the temperature of the ions trapped in 

EBlT further. 
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Figures 

Fig. 1. Measured line profiles of lines j and k produced by dielectronic recombination of beam 

electrons with heliumlike Ti2N ions. The width of each line is determined by the thermal 

Doppler motion of the emitting ion. (a) high-temperature case where the line widths 

correspond to a 685-eV ion temperature; (b) low-temperature case where the line widths 

correspond to a 70-eV ion temperature. 
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