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Abstract

The electron beam ion trap (EBIT), and the higher-energy Super EBIT at

Lawrence Llvermore National Laboratory can produce any highly charged ion. These

highly charged ions are used in a variety of research programs. Recent results from four

dfierent experiments are reviewed here. K-shell ionization cross sections have been

measured for the hydrogenlike ions of severaI elements, and L-shell ionization cross

sections have been measured for uranium ions. A measurement of the ground-state

hyperfine transition in hydrogenlike l%IoW+is notable because of the complete absence of

Doppler shifts. A cryogenic Penning trap, injected with EBIT ions, has been used to

obsewe a single highly charged ion as it recombines by sequential electron capture from

H2 gas, A large sputtered ion yield, suggesting a surface Coulomb explosioq has been

observed from insulators bombarded with very highly charged EBIT ions.

PACS number: 34.80.Kw



1. Introduction

The electron beam ion trap (EBIT) was developed at the Lawrence Iivermore

National Laboratory (LLNL) ten years ago for x-ray measurements of highly charged ions

[1]. Since then EBIT research has expanded into several new, exciting, and unanticipated

directions. At LLNL much of the new research has been enabled by the development of

new f%ilities. These include the conversion of the original EBIT into the higher energy

Super EBIT [2], the construction of a second EBIT with extracted ion capability [3], the

development of a cryogenic Penning trap (dubbed RETRAP) for rewrappinghighly charge

EBIT ions [4], and the buildup of a facility for the study of ion-surface collisions [5].

Many different kinds of measurements can be carried out with these facilities, and it is now

possible to produce and study any charge state of any element, including bare ~ ions

[6].

Fig. 1.

The configuration of the trap used in both the EBIT and Super EBIT is shown in

Ions are trapped within the electron beam by the space charge potentird of the

beam itse~, which amounts to several volts from the center to the edge of the beam

the axial directio% the ions are confined by voltages applied to the top and bottom

electrodes, typically 10 to 100 volts. An electron beam current of up to 200 mA is

In

squeezed to a density of-5000 A/crn2by a 3-T magnetic field. The trap operates at a

temperature of 4 ~ which reduces the density of background gas to an extremely low

level. Ions are initially injected into the trap in low charge states from a vacuum spark

source [7]; occasionally, neutral gas injection is used. The ions are stripped to very high

charge states by beam electrons. Injection of a light gas, usually neon as shown in Fig. 1,



is used in an evaporative ion-ion caoling process to compensate electron beam heating of

the highly charged ions [8]. More tiormation about EBIT operation can be found

elsewhere [9].

This report summarizes recent results from four different EBIT research programs.

Taken together, they are representative of current EBIT research at LLNL. Two of the

experiments involve (x-ray or visible) spectroscopy of radiation tiom ions trapped in the

LLNL Super EBIT. The other two experiments utilize highly charged ions extracted fkom

the other EBIT at LLNL. In one experiment the ions are retrapped in a Penning trap, and

in the other they are directed at a target surface.

2. Ionization cross sections

In a recent series of experiments, the Super EBIT at LLNL has been used to make

the first direct measurements of the electron impact ionization cross sections for very .

highly charged ions. This was done with the geometry of Fig. 1 using x-ray spectroscopy

to measure the ionization balance of the trapped ions. K-shell ionization cross sections

were obtained for a series of high-Z hydrogenlike ions [6,10], and L-shell cross sections

were obtained for uranium [11].

The equilibrium ionization balance of ions trapped in an EBIT is determined by the
,

relative rates of ionization and recombmation. Thus, for hydrogenlike and bare ions the

relationship between the cross sections and abundances at equilibrium is:

(1)
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where N~ and NH aretheabundancesof the bare and hydrogenlike charge states. The

cross sections for radiative recombination (the predominant recombination process) and

ionization are given in obvious notation. The hydrogenlike ionization cross sections

&’H+& can be obtained from Eq. (1) if the other quantities are known. The abundance

ratios Nk / NHwere obtained from x-ray spec@ and the radiative recombination cross

sections were obtained from a relativistic atomic structure calculation [12].

Typical radiative recombntion spectra for molybdenum and bismuth are shown in

Fig. 2. They were accumulated for counting intervrds of 14 and 35 see, respectively,

following a delay of several seconds after ion injection to allow the ionization baianc&to

come to equilibrium. This cycle was repeated until sufficient statistics were obtained.

Radiative recombination into the K shell of bare and hydrogenlike target ions produces a

doublet of lines from which the abundance ratio of these ions was determined. The

injection of neon cooling gas, required for evaporative cooling (see Fig. 1.), produces

charge exchange recombination of the highly charged ions and modifies the ionization

balance expected from Eq. (l). A correction for charge exchange was made by running at

several different. neon densities and extrapolating the observed ionization balance to zero

neon pressure (at which point there would no longer be any highly charged ions in the

beam).

The ionization balance technique was also used to obtain ionization cross sections

for the L shell of uranium. In this case, the equilibrium abundances of U*3+(fluorinelike)

through U*W(lithiundike) ions were obtained from L-shell radiative recombination spectra

such as that shown in Fig. 3. Least squares fits were used to extract the intensities of the
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blended radiative recombtion lines, whose energies are (fortunately) known to within a

few eV.

The effect of first order QED (i. e., the Moeller interaction as opposed to the static

Coulomb interaction) in electron impact ionization has been explored in a recent

relativistic distorted wave calculation [13]. This calculation is compared to the Super

EBIT measurements for hydrogenkke molybdenum and bismuth in Fig. 4. The measured

cross sections favor the theay with the Moeller interaction particularly at higher electron

energy where the difllerentcalculations diverge.

3. Hyperfhe splitting in 1%0=

The ground state of hydrogenlike ions with nonzero nuclear spin is split by the

hyperfine interaction. The best known case is that of atomic hydrogen itse~; where the

splitting mrresponds to the 21-cm line observed in radio astronomy. For highly charged

ions the size of the hyperfme splitting is proportional to 23 and Ws in the visible region of

the spectrum for several isotopes, depending on the size of the nuclear magnetic moment.

The first measurement of the hyperfine splitting for a high-Z hydrogenlike ion was

accomplished with laser fluorescence of %i82+ ions stored in a ring [14]. A substantial

Doppler shifl correction was required due to the relativistic velocity of the circulating ions.

The only other high-Z measurement was done with lGsHofi+ions trapped in the Super 1

EBIT at LLNL [15]. In this case the Doppler shill is zero-

A prism spectrograph fitted with a CCD detector was used to detect the 5726-I

light from the hyperfine transition in hydrogen.likeholmium as shown in Fig. 5. The 70-

pm diameter of the Super EBIT electron beam seines as the entrance slit for the
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spectrograph. The stigmatic focus of the spectrograph produces an image that is resolved

along the direction of the electron beamj allowing a separation between light produced

from neon atoms, which intersect the electron beam at only one location (see Fig. 1), and

light produced from trapped ions. Known lines from neutral neon were used for a

wavelength calibration of the spectrograph. Only about 6°/0of the trapped holmium ions

are in the hydrogenlike charge state, and the upper hypertine level is populated

predominantly by ionization.of heiiumlike ions. The signal fkom the F=4 to F=3 hyperfine

transition in lG5Hoa+obtained horn 36 hours of data collection is shown in Fig. 6. The

other spectrum in Fig. 6 was obtained with the electron beam energy set below threshold

for production of Hoti+, and therefore below threshold for production of the hyperfine

line. Conditions were otherwise identical, confkming the identification of the obsenwd

line as a transition in HOW. To minimize background lighg all sources of light other than

the unavoidable radiation from the electron gun cathode were elirninat~ and longer

wavelength light was blocked with a filter. Nevertheless, background spectra without

trapped hohnium were subtracted from the data to obtain each of the spectra displayed in

Fig. 6.

The hyperfine splitting in a.hydrogenlike ion is proportional to the nuclear

magnetic moment and includes small corrections for relativity, the distribution of nuclear s

magnetizatio~ and QED. All of these quantities can be investigated with hyperfine

splitting measurements such as this one. The measured splitting of 5726.4 * 1.5 ~ for

1G5HoGG+differs fkom a recent theoretical value [16] by 89 ~ a dtierence much larger than

the QED correction. This theoretical value was calculated using the tabulated value of the
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l%-Io@+magnetic moment. The theoretical value moves much closer to the experimental

result ifit is recalculated using a recent independent measurement of the lG%oti+magnetic

moment suggesting that the present measurement is providing infionnation primarily about

the nuclear magnetic moment [15].

4. Retrapped ions and charge exchange

Ion traps have been widely used for many types of measurements, including

collision studies. In some cases, multiply charged ions have been trapped and studied (see

Ref [17] and referencestherein). At LLNL, a recently completed cryogenic Penning trap

(RETIUW) is being used to trap the very highly charged ions produced in an EBIT. A

diverse research program is planned for this facility, including coding and %eezing” of

ions into crystals analogous to the core of white dwarf stars, laser spectroscopy of

hyperfine transitions with minimal Doppler broadening precision WS measurements, and

charge exchange meas&ements. A recent measurement of charge exchange between very

highly charged ions and HZgas is described here [18].

A schematic layout of the RETMP is shown in Fig. 7. .It consists of two endcap

electrodes, two compensation electrodes, and a center ring electrode. Ions are extracted

from the EBIT in a short burs~ decelerated, and captured by pulsing down the voltage cm

the top endcap. The axial motion of the ions is harmoNc with an oscillation frequency

proportional to the square root of the endcap potential:

c

a, = [q UOCz/(md2)]ln (2)
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where U. is the endcap potenti~ Cz is a constant, q and m are the ion charge and mass,

and d depends on the characteristic radial and axial dimensions of the trap through the

relation 2d2 = (~2 + ro2/2). The endcap potential is used to bring the axial oscillation

frequency into resonance with a 1.2-MHz tuned circuit (see Fig. 7). This circuit has a Q

of about 250, and the initially hot ions cool to a temperature of a few eV with a

characteristic time of roughly 0.8 sec. The signal from the tuned circuit, ampliikd with a

low noise cryogenic preamplifier, can be used as an ion detector by ramping the endcap

potential so that the dtierent ion charge states pass through resonance.

The charge exchange cross section with H2 gas was measured with RETRAP for

highly charged ions of xenon and thorium. Nondestructive ion detection using the ion’s

axial motion is sensitive enough to enable a single ion to be followed as it changes its

charge. This is illustrated in Fig. 8, where a thorium io~ injected initially as Th7* and

observed at 10-sec intervals, changes its charge first to 78+ and then to 77+. Charge

exchange rates were obtained from multiple observations of this type, and from runs in

which many ions were trapped simultaneously so that the charge state distribution could

be observed. The densi~ of Hz molecules in the trap was calibrated from the observed

charge exchange rate of Arll+, for which the cross section has been previously measured

by other methods [19]. Cross sections were measured for several charge states of both

xenon and thorium. The results show that the charge exchange cross section increases

linearly with charge to a value of approximately 2 x 10-13cm2at q=79 [18]. Double

charge exchange (i.e., capture of both electrons from Hz) was found to be about 25°/0of

the total capture cross section.
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5. Sputtered ions and Coulomb explosions

Slow very highly charged ions are remarkable objects. They carry an enormous

amount of potential energy that is of the same order or even larger than their kinetic

energy. Such ions release their energy at the surface of the targets they hit, in marked

contrast to fhst ions, which penetrate the bulk material. Usually large numbers of

electrons are removed from the target surface as a highly charged ion recombines. If the

target is an insulator, or at least a material with low charge-carrier mobility, then a

positively charged depletion region may form at the surfke, as illustrated in Fig. 10. The

characteristic time for recharging the depletion regio~ G, is determined by the (nonlinear)

conductivity of the material and maybe of order 10-1osec. The depleted region may gave

rise to a so called Coulomb explosio~ in which large numbers of atoms, ions, and clusters

are ejected from the surface, and a shockwave propagates into the bulk material (six Fig.

10). The Coulomb explosion time is much shorter than the expected recharge time for the

depletion region.

At LLNL the yield of ions sputtered from insulators was measured as a Iimction of

the charge of the incident ions [21]. Sputtered ions were identified and mass analyzed by

their time of flight to a microcharmel plate located near the target. For negative secondary

ions, the large prompt burst of electrons emitted in ion-surface collisions provides a 1

natural start signal for tinie-of-flight measurements. Total seconday ion yield

measurements for Si02 coated silicon targets are shown in Fig. 11. A dramatic three-

order-of-magnitude increase in the sputtered ion yield is indkative of the large surface

energy release for highly charged incident ions.

9



The spectrum of ions sputtered from a surface is another indication that something

qualitatively different happens when highly charge ions hit a surface as compared to

incident ions with low charge. Measurements at LLNL show a large yield of sputtered ion.

clusters of the form (Si02~- for Th70+ions incident on SiG surfaces at an energy of 9 x q

keV[21 ]. These clusters are not observed at all for low charge incident ions however

clusters as large as n=10 were observed for Th7Wincident ions. This threshold behavior of

cluster emission supports a Coulomb explosion picture of sputtering for very highly

charged ions.
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Fig. 1. Trap configuration for the EBIT and Super EBIT at LLNL. The cylindrical center

electrode is slotted to enable measurements of x-ray and visible light emission. Neutral

neon gas is injected for evaporative cooling.
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