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THE USES OF ELECTRON BEAM ION TRAPS IN 

THE STUDY OF HIGHLY CHARGED IONS 

David A Knapp 

Physics Department 
Lawrence Livermore National Laboratory 
Livennore, CA 94550 USA 

INTRODUCTION 

The Electron Beam Ion Trap @IT) is a relatively new tool for the study of highly 
charged ions. Its development has led to a variety of new experimental opportunities; 
measurements have been performed with BITS using techniques impossible with conven- 
tional ion sou~ces or storage rings. In this paper, I will highlight the various experimental 
techniques we have developed and the results we have obtained using the BIT and higher- 
energy Super-BIT built at the Lawrence Livennore National Laboratory. 

The EBIT employs a higharmtdensity electron beam to trap, ionize, and excite a 
population of ions.' The ions can be studied in situ or extracted fiom the trap for external 
experiments. The trapped ions form an ionization-state equilibrium deteqined by the rela- 
tive ionization and recombination rates. Ions of meral different elements may simultane 
ously be present in the trap. The ions are nearly at rest, and, fix most systems, all in their 
ground-state configurations. The electron-ion interaction energy has a narrow distribution 
and can be varied over a wide range. We have used the EBJT devices for the measurement 
of electron-ion interactions, ion structure, ion-surface interactions, and the behavior of low- 
density plasmas. 

THE EBIT DEVICES 

The EBIT was originally designed as a variation of an Electron Beam Ion Source 
(EBIS) optimized for spectroscopy applications. The basic principle of EBIT operation is 
illustrated in Figure 1. An electron beam, compressed and confined by a magnetic field, 
passes through a series of three drift tubes. The ions are trapped radially by the space 
charge of the electron beam, and axially by voltages applied to the end drift tubes. The 
electron beam also m e s  to ionize and excite the ions via inelastic collisions. 

The EBJTs differ in several ways &om EBISes. First, and most important, they are 
much shorter. EBISes generally consist of an electron beam traveling through several drift 
tubes in a solenoidal magnetic field; the typical trap length of an EBIS is of the order of 1 m. 
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Figure 1. Basic operation of the EBIT trap. A highcurrentdensity electron beam, compressed by a 
magnetic field, passes through three drift tubes. Ions are radially confined by the space charge of the 
beam, they are confined axially by voltages applied to the drift tubes. 

In an EBIT, the trap is confined to the length of a single drift tube (about 2 cm), and the 
magnetic field is generated by a Helmholtz coil pair. The shorter trap results in much re- 
duced amplitudes for plasma instabilities, which heat the ions and drive them out of the 
electron beam. The Helmholtz coils allow viewing the ions from the side of the trap, greatly 
increasing the available solid angle. Second, the EBIT has a much higher magnetic field and 
electron w e n t  density. This allows faster ionization of the atoms in the trap, and higher 
interaction rates with the beam electrons. F i y ,  most EBISes require a continuous source 
of gaseous atoms from which to form ions; the EBIT device can form or capture and ionize 
low-charge ions from a variety of sources. 

EBIT Design 

The general design scheme for the EBIT electron beam path is shown in Figure 2. 
The electron beam originates in an electron gun at ground potential with zero magnetic field 
at the cathode. It is accelerated into the drift tubes and greatly compressed by an axial mag- 
netic field. The drift tubes float at voltages up to about 30 kV. The electron beam path 
terminates in a radial collector floating at a voltage of about 1.5 kV. The magnetic field 
vanishes in the collector, allowing the beam to expand and the electrons to be collected on 
the walls. Suppresser electrodes between the drift tubes and collector prevent secondary 
electrons emitted in the collector fiom entering the drift tube region. 

M e r  the successll construction and operation of two EBITs, the original device 
was upgraded to provide a higher interaction energy. The modified EBIT, called Super- 
EBIT, achieves a higher electron beam energy by having both the electron gun and the col- 
lector float at a negative voltage2 Layout drawings of EBIT and SuperEBIT are shown in 
Figure 3. The new collector in Super-EBn is located in a separate vacuum vessel because 
the original EBIT vessel was not large enough for the high-voltage gap required. The col- 
lector’s position necessitated an increase in the electron path length of about 1 m. Addi- 
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Figure 2. Design scheme for EBIT, showing the electron beam energy and magnetic field values 
along the electron beam trajectory. The electron beam travels from the electron gun, which is at 
ground potential, through the drii? tubes, which arc at voltages up to 30 kV, and into the collector, 
which is at about 1.5 kV. 

tional modification of the drift tubes to eliminate breakdowns induced by trapped Penning 
electrons has extended their operating voltage range to approximately 40 kV. Super-EBm 
has successllly run at electron-ion interaction energies as high as 205 keV. With the addi- 
tion of an SFS atmosphere for high-voltage insulation on the air side of the electron-gun 
high-voltage feedthrough, we anticipate future operation at energies up to 250 keV. 

Typical EBIT and Super-EBIT operating parameten are shown in Table 1. Because 
of its long electron beam path, Super-EBIT does not hnction well at electron energies be- 

Table l. Typical EBIT and Super-EBIT Operating paramaas. The electron beam radii were obtained 
by imaging the electron beam through aslit witha beamcurnnt dlSO mk The trapping time in Su- 
per-EBIT i~ presently limited by intermittent hi&-voltage bnakdowas. 

I Parameter I 
Electron-Ion Interaction Energy 
Electron Beam Current 
Electron Beam Radius in Trap 
Effective Electron Current Density 
Trap Length 
Magnetic Field in Trap 
Mal Trap Depth 
Highest Uranium Ionization State 
Total Number of Trapped Ions 
Ion Density 
Trapping Time 

Value for 
EBIT 

.5 - 25 keV 
0 -  160mA 

McUn 
0 - 3200 NCm7 

2Cm 
3 T  

10 - 400 V 
v82' (neonlike) 

io5 - io6 
io9 - io10 

< 5 h  

Value for 
SUPW-EBI" 
10 - 200 keV 
0-2oomA 
35 crm 

0 - 4000 Ncm' 
2Cm 
3 T  

10-4OOV 
P (bare) 

los - lo6 
io9 - 10" ~ r n - ~  

< 2 h  
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low 10 keV, but can operate at very high current for high electron beam energies. The rela- 
tively short trapping times indicated for Super-BIT result from intermittent high-voltage 
breakdowns, not from any inherent limitation of the trap. 

Introduction of Ions into EBIT 

Ions are introduced into the EBIT traps in one of four ways. Atoms evaporated 
from the electron gun cathode naturally find their way into the beam, become ionized, and 
are trapped. These atoms are primarily barium, with smaller amounts of tungsten and os- 
mium. The gas injestion system is used for normally gaseous elements, and can have an 
oven attached for Ti Na, and similar metals with high vapor pressures. Most ions from 

. TL 

Supercondm tinq 
Helmholz Coils 

Collector - . 

Figure 3. Layout designs for (a) EBIT and (b) Super-EBIT. The drift-tube geometq for the two 
devices is identical. In Super-EBIT, both the electron gun and collector float at negative high volt- 
age, allowing the electron beam energy in the trap to be much higher. 

c 
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metallic solids are injected from a Metal Vapor Vacuum Arc (MEWA) source located 
above the trap. These ions are injected along the electron beam, and captured by raising the 
top drifi tube voltage while the ion pulse is in the trap. We have also successfilly used the 
MEWA source to inject ions fiom sintered materials comprised of metal oxides in a metal- 
lic copper matrix. 

Steven Elliott and Ross h4arrs have recently developed a new technique for introduc- 
ing ions fiom very small samples into the trap.' The material is placed on the end of a s m d  
wire, which is introduced radially into the periphery of the electron beam. Atoms sputtered 
tiom the sample and ionized by electron collisions are captured in the trap. 

Ionization Balance in EBlT 

The primary interactions that affect the charge balance in EBIT are electron-ion in- 
teractions and charge exchange with neutral gas atoms. Beam electrons interact to change 
the ionization state of the ions by ionization, radiative recombination, and dielectronic re- 
combination. Dielectronic recombination is a resonant process, however, and at most op- 
erating energies it is not a significant factor in the determination of the equilibrium charge 
balance. Therefore, for electron-beam energies not on dielectronic recombination reso- 
nances, assuming that the interactions are dominated by single-charge-changing processes, 
the time evolution for the population of charge state q of a given element 2 is given by: 

where Nq is the number of ions in charge state q, (is) is the effective current density of the 
electron beam, 4, e, and are the cross sections for ionization, radiative recombina- 

Eiectron Beam Energy(keV) Time (s) 
0.5 I I 

0.6 
0 z E 0.4 
.- 8 
3 0.2 
- 
Q 
0 n 

0.0 50 100 150 200 250 300 
Electron Beam Energy (kev) Time (s) 

Figure 4. (a) and e): predicted equilibrium ionization balances in an EBIT for (a) nickel and (b) 
uranium ions over energy ranges of interest. The ionization balances wexe calculated assuming that 
the chargeexchange ncombiition is negligible. (c) and (d): Predicted time evolution of ionization 
balances. (c) Nickel ions at &=lo keV. (d) Uranium ions at &=2()0 keV. 
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tion, and charge-exchange recombination, respectively, for charge state q, and the neutral 
gas density and velocity are given by no and VO. 

We obtain a predicted ionization balance by setting dt?Jdt = 0 for all q and solving 
the resulting simultaneous equations. We use the Lotz formula‘ to approximate the ioniza- 
tion cross section, and the theory of Kim and Pratt’ for the radiative recombination. Pre- 
dicted ionization balances for nickel and Uranium ions are shown in Figure 4a and b. Ions 
with closed n shells are the easiest to produce in a relatively pure ionization state because of 
the large change in ionization energy that occurs at a closed shell. Thus, heliumlike N?’ 
dominates the ionization balance at energies below the n = 1 ionization energy. 

Estimates of the time evolution of the ionization balances are also shown in Fig- 
ure 4c and d. Depending on the ion species, the equilibration time varies over a wide range, 
from less than 100 ms for light ions to more than 20 sec for hydrogenic and bare uranium. 

Ion Trapping Times 

The observed trapping times for ions in EBIT are much longer than was originally 
predicted. Ion-electron collisions heat the ions; in order to achieve long trapping times, this 
energy must be removed via some cooling mechanism. We have determined that the ions in 
EBITs undergo a process of “evaporative cooling,” in which low-2 ions preferentially es- 
cape the trap, cooling high-charge, high-2 ions.6 This process is illustrated in Figure 5 .  In a 
trap of depth V m ,  ions of charge q need an energy of to escape. In an EBJT, the effective 
radial trap depth is very large because of the high magnetic field, so the ions escape axially. 
For all ions, , so for ions at the same temperature (and thus the same energy per ion), high- 
q, high-2 ions are trapped much more deeply than are low-2 ions. In an EBIT, ion-ion col- 
lisions tend to equalize the temperatures of all ions, so the loss of low-q ions cools the high- 
q ions. The final required ingredient for the iong-term cooling of the high-q ions is a con- 
stant influx of low-q ions. In EBIT, a gas injection system continuously introduces a small 
number of ballistic low-2 atoms into the trap, where they are ionized by the beam and cool 
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Figure 5. Evaporative cooling in an electron beam ion trap. Highcharge ions with charge Q are 
trapped by a potential of QV-, while ions of charge state q << Q are trapped by a potential of qV-. 
Ion-ion callisions bring the energy distntbutions of the two ion species into equilibrium at the same tem- 
perature, so the lowcharge ions pteferentially escape the trap, cooling the high-charge ions. 
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the higher-2 ions in the trap. 
Although the ballistic gas atoms cool the ions in the trap, the number density of 

background gas atoms must be carefblly controlled to prevent charge-exchange recombina- 
tion from negatively affecting the ionization balance in the trap. This problem is especially 
crucial in the operation of Super-EBIT, because the charge-exchange recombination cross 
sections are quite large for the highest charge ions. As a result, the Super-EBIT trap region 
is pumped by an array of 4 K charcoal smfhces, and, with the exception of the gas injection 
port, all ports into the trap are covered by radiation windows. The background gas con- 
tamination &om the gas injection port is minimized by use of a narrow tube that only allows 
ballistic gas atoms fiom the source into the trap region. 

EBIT Operation I 
The processing of ions in EBIT requires a complex timing arrangement to take the 

device through injection, ionization, observation, and extraction. The drift tube voltage, 
electron beam current, trap depth, and many other parameters must be precisely synchro- 
nized. We have developed a system that allows easy programming of this precise timing for 
cycles lasting from less than 1 s to more than 1000 s. 

A ”typical” EBIT experiment follows a timing sequence as follows: ions are gener- 
ated in the MEWA source and injected into the trap by along the electron beam direction. 
The top drift tube voltage is lowered to allow the ions to enter the trap. The drift tube volt- 
age is adjusted to minimize the velocity of the ions in the trap. As the ions reflect from the 
potential of the bottom drift tube, the voltage of the top drift tube is quickly raised, trapping 
the ions. The ions are then allowed to ionize for a time until the ionization balance comes to 
equilibrium. The electron-ion interaction energy is then changed to the “probe energy,” 
which may either be constant or a bction of time. During this phase, the photons emitted 
by the ions are observed by a variety of detectors. Finally, the drift tube voltage is set to the 
desired value for extraction, and the ions are ejected fiom the trap into the ion transport 
system.’ 

SPECTROSCOPY EXPERIMENTS 

The largest class of experiments performed using the B I T  has been the measure- 
ment of x-ray spectra of highly charged ions. From these studies, the structure of the ions 
can be deduced. DITS have several advantages over other devices that produce highly- 
charged ions for spectroscopy: 

1. The ions in an EBIT are essentially at rest, with a temperature typically less 
than lOOq eV. No Doppler shift corrections need to be applied. 

2. The B I T  trap forms a line source; it is about 2 cm long and 30 pm in radius. 
It is thus an excellent source for diverse spectrometer geometries. 

3. The EBIT source has no equilibrium population of metastable states, with the 
exception of very rare states with lifetimes greater than 0.1 s. 

4. The EBIT source is a lowdensity, weak-field plasma; for most systems, colli- 
sional processes, Stark effects, and magnetic field effects can be neglected, and 
the absorption of emission lines is negligible. 

These properties make EBIT a nearly ideal source for high-resolution spectroscopy. 
The U N L  EBITs have been used fbr a wide variety of spectroscopy experiments. 

Most of these have employed high-resolution crystal spectrometers, in which x rays meeting 
the Brag  condition are reflected from a crystal into a position-sensitive detector.’ I will 
summaize a few of the most interesting and important. 
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Observation of Magnetic Octupole Radiation 

The first observation of a magnetic octupole (M3) transition was achieved by Peter 
Beiersdorfer and his coworkers in nickel-lie v64' and Th65' ions produced in the UNL 
EBIT? A partial level diagram of the v64' ion is shown in Figure 6a. The M3 transition 
rate is calculated to be 1.3~10' set, much slower than that of the neighboring E2 transition, 
with a transition rate of 3.3~10" s-'. The states in question are primarily populated by cas- 
cades rather than direct excitation. Observation of the M3 transition requires a low-density 
plasma, as its emission is very sensitive to collisional effects; because the transition rate is so 
low, electrons could be excited out of the state via collisions before the transition occurred. 
Calculations indicated that an electron density less than 10" was required to observe 
the transition. 

X rays emitted f?om EBIT were analyzed by a Ge(ll1) flat-crystal spectrometer and 
detected by a position-sensitive proportional counter. The wavelengths were calibrated us- 
ing the known Lya lines from hydrogenic sulfur. A high-resolution spectrum of the x rays 
fiom v64' is shown in Figure 6b. The transition energies of the lines were measured to an 
accuracy of 0.2 eV, or a relative precision of 80 ppm. The M3 transition is seen clearly re- 
solved fiom the E2 transition. The ratio of intensity of the M3 and E2 lines was measured 
as a fimction of electron beam energy. Although calculations including cascades tiom n s 5 
levels predicted that the ratio would decrease with increasing energy, the opposite was ob- 
served. 

X-Ray Laser Photopumping Schemes 

Present x-ray lasers using neonlike ions, in which the 2p53p state attains a population 
inversion relative to the 2p53s state, rely on wllisiond excitation ofthe ions."' The use of 
resonant photopumping as an alternative method for excitation of the ions offers the possi- 

;$ )o 
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n 

E2: 3.3x10" s' 

M3: 13x10's' k? 
3d' 

I I I I 
70 

Energy (eV) 

Figure 6. (a) Partial energy-level diagram for nickel-like @+, @) High-resolution spectnun of the 
region containing the M3 line in W+. The M3 transition is clearly mIved fkom the neighboring ~2 
transition. 
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Figure 7. (a) Energy-level diagram for a photopumping scheme for x-ray laser using neonlie Cu'* and 
heliumlike Mg'&. (b) Measured spectrum of a'*. (c) Measand spectrum of Mg'&. 

bility of improved efficiency." Photopumped x-ray lasing has not yet been experimentally 
observed, however, despite efforts to resonantly photopump neonlike Rbm+ ions with nick- 
ellike Ptm and Au5'+. 12 

EBlT is an ideal environment to study possible photopumping schemes in lower-2 
ions, for which the plasma electron temperatures need not be as high. One such scheme, 
uSig heliumlike MglW to photopump neonlike Cu'", was recently studied by Peter Beiers- 
dorfer and  collaborator^.^^ An energy-level diagram illustrating the photopumping scheme 
is shown in Figure 7a. The Mg y (ls2p 9 1  + 12 'So) line resonantly pumps the Cu 

+ 4dsn transition, and the resulting excited state decays primarily to the Zp3n3m lev- 
els, forming the population inversion. 

The transition energies were measured using an evacuated flat-crystal x-ray spec- 
trometer attached to the EBIT trap, with a resolution of Am = 1200 for these photons. 
The resulting spectra for the Cu and Mg ions are displayed in Figure 7b and c. The spec- 
trometer dispersion was calibrated using the h e l i d e  Mg lines w ( l e  'PI + Id 'SO) and 
z (ls2s 'SI + 12 'SO). The measured separation of the Mg y line and the Cu 2paa+ 4dsa 
line is measured to be 0.27 f 0.10 eV. Sice in a typical SOO-eV laser plasma, the Cu line 
will be broadened by 0.2 eV and the Mg line by 0.5 eV, these transitions make an excellent 
candidate for a photopumped laser. 

Radiative Lifetime Measurements 

EBIT has been used to fill in a signiticant gap in the measurement of radiative life- 
times. Prior techniques have been able to measure lifetimes for '5 < 1 ps (by beam-foil tech- 
niques) and t > 1 ms (by retrapping ions). The decay of the la 'St excited state in heli- 
umlike Ne", with a lifktime around 100 cis, is inaccessible to both techniques. A new 

' method for measuring such lifetimes has been developed by Brad Wargelin and Peter 
Beiersdorfer using EBIT as a source." 
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In the new technique, the lifetime is determined fiom measurement of the time decay 
of the x-ray emission from a population of stationary ions. The ions were prepared in EBIT 
with the electron beam energy set to 960 eV, above the drect-excitation threshold for the 
n = 2 - 1 transitions, but below the excitation threshold for any n 2 3 states. The beam en- 
ergy was quickly switched to 750 eV, below the direct-excitation threshold and away from 
any dielectronic recombination resonances. Photons were recorded by a Si(Li) detector and 
a high-resolution flat-crystal evacuated spectrometer. The data-acquisition system resolved 
the time of detection of the photons with a resolution of 1.6 ps. Typical spectra taken usiig 
the crystal spectrometer for electron beam energies above and below threshold are shown in 
Figure 8a. The four heliumlike n = 2 - 1 lines, designated w ( l e  'PI + Id 'SO), x 
( l e  ?Pz + I d  'SO), y (ls2p 'PI+ l? 'SO), and z (ls2s 'SI+ ld 'SO), along with the lithi- 
umlike line q ( l M p  *P30 + l& 2Sm), are visible above threshold. Below threshold, 
only decays originating in the ls2s 'SI state can be seen; line z results from radiative decay 
of this state, and lines x and y are excited by 2s - 2p electron impact excitations. The ratio 
of intensities I.+I& is determined by the effective electron current density (ic). 

Measurements were made at three electron densities, which were determined from 
the intensity ratios. The lifetime was determined at each density from: 

'5, = r,, l + ( l + k ) 5 4 ]  4 c 
where the constant k =  TO 1 is the ratio of collisional transfer to the states resulting 
in lines x and y to collisional transfer to the ground state. The derived lifetimes for the three 
densities agreed well, giving a combied value of T, = 90.49 f 1.48 ps. This value is com- 
pared to theoretical predictions and other measurements in heliumlike ions in Figure 8b; the 
agreement with theory is good. 
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Figure 8. (a) Spectnun of heliumlike Ne*' above and below the direct+xcitation threshold for n = 2 - 1 
transitions. (b) This lifetime result compared to theoretical predictions of Drake" and Johnson and 
Lin.16 For the sources of the experimental points, see M. 14. 
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Measurements of n = 2 - 2 Transitions in Highly-Charged Uranium Ions 

High-resolution spectroscopy of few-electron high-2 ions is important for tests of 
quantum electrodynamics (QED) and relativistic calculations, as both contributions scale as 
z‘. The width of the ionization distribution for high-Z ions in Super-EBIT provides a 
unique opportunity to measure transition energies along isonuclear sequences. In uranium 

transitions have energies near 4.5 keV, suitable for high-resolution study with a crystal 
spectrometer. 

We measured the energies of 13 of these transitions in uranium ions trapped and 
ionized in Super-BIT, with the electron beam energy set between 100 and 125 keV.” The 
x-rays were analyzed by a von Hhos geometry crystal spectrometer. A spectrum taken 
under “high” charge-state conditions is shown in Figure 9a. The photon energies were 4- 
brated using lines &om hydrogenic and heliumlike K’*+ and IC1” (shown in Figure 9b), hy- 
drogenic Cum’, and neonlike Xe”’. Data were taken by alternating between uranium and 
calibration spectra to guard against any instrumental drifts. 

The measured energy of the lithimlike transition, 4459.37 f 0.35 eV, is in excellent 

* ions between the neonlike (Un”) and.heliumlike (v903 ionization states, the 2 . q ~  -+ & 

I I I I I I 1 
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I I 
c. s 60  
7 ’ 40 

2 0  
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X Ray Energy (eV) 
Figure 9. (a) Crystal spectrometer specvum of highlydarged U ions. The lines are identified by the 
ionization state that produced them. (b) Calibration Speanun ofhydrogenic and heliumlike K ions. 
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agreement with theoretical predictions. The energies of the transitions in the other ioniza- 
tion states showed a systematic deviation fiom standard multiconfiguration Dirac-Fock cal- 
culations." Most of the differences between experiment and theory are attributable to elec- 
tron-electron correlation effects. These results have prompted a new effort to calculate 
these transition energies via multibody perturbation theory. l9 

Direct Binding Energy Measurements 

Precise measurements of the binding energies of states in few-electron high-2 ions 
can provide stringent checks of QED and relativistic theory. In EBIT, such measurements 
are possible by use of photons emitted from radiative recombination. In this process, illus- 
trated in Figure loa, a beam electron is captured into a vacant state in the ion, emitting a 
photon with E,. given by 

where E, is the electron-ion interaction energy and EB is the binding energy of the state to 
which the electron recombines. The EBIT technique consists of observing the radiative re- 
combination lines fiom the ions of interest using a solid-state detector while simultaneously 
observing radiative recombination from bare and hydrogenic low4 ions and gamma rays of 
known energies from radioactive sources.2o The gamma rays provide an accurate energy 
calibration for the detector, and the low-2 radiative recornbination lines supply an independ- 
ent measurement of the electron-ion interaction energy. Because all the photons are re- 
corded simultaneously, systematic errors resulting fiom electronic shies or electron beam 
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Figure 10 (a) Schematic representation of radiative ncambination. A beam electron is captured into a 
vacant bound state of the ion, emitting a photon whose energy is equal to the sum ofthe initial electron 
energy plus the binding energy of the state to which is mmbimes. (b) Bindingenergy data for Xe and 
Bi n = 1 states, caliirated by a '@Yb m a - r a y  source. 
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energy variations are eliminated. 
The ions in EBIT are in their ground state configurations, so the interpretation of the 

binding energies measured using this technique is quite simple. One spectrum is shown in 
Figure lob. An ultimate accuracy of about 10 eV (100 ppm) should be achievable by this 
method. 

ION-ELECTRON INTERACTION MEASUREMENTS 

Aside fiom spectroscopic measurements, the most prolific area of research at BIT 
has been that of ion-electron interactions. The first experimental result fiom EBIT was a 
measurement of the electron impact excitation cross sections for n = 3 - 2 transitions in 
neonlike Ba*'?' EBIT provides a good environment to study these interactions; the ions in 
the trap are constantly bombarded by a stream of nearly monoenergetic electrons. We have 
made use of a variety of techniques to extract information about the interaction cross sec- 
tions. These experiments have fiequently been complementary to those performed with 
other ion sources, a result of the different infoxmation gathered. 

Ionization Cross Sections 

Several techniques have been developed for the measurement of electron impact 
ionization cross sections at BIT.= I will describe two of the most successll. The first, 
developed by Keith Wong and collaborators, uses the high rate of dielectronic recombma- 
tion to correlate ionizations with recombination events in lithiumlike ions. The measurement 

9~.,....1...'1....,....I'. 
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Figure 11. (a) Measurement scheme for ionization cross sections Using dielectronic recombination 
photons. Ionization d a  lithimlike ion creates a heliumlike ion, which undergoes dielecmnic recombi- 
nation and emits a photon. (b) Results of these wasuremmts, using a Ge detector (circles) and a crystal 
spectrometer (squares). The solid line is a distorted-wave theoretical prediction using the code described 
in Ref 24. 
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scheme is shown in Figure 1 la. When the electron-ion interaction energy is at a dielectronk 
recombination resonance for heliumlike ions, the ionization of a lithiumlike ion results in 
n = 2 - 1 x-ray emission. At a steady-state equilibrium, the heliumlike ionization 
tion d~. is given by 

cross sec- 

(4) 

where IDR is the dielectronic recombination signal in a solid-state detector, IRR is the total 
radiative recombmation signal, and AI  is the angular distribution factor for the dielectronic 
recombination photons. For these measurements, the ratios N'JNI,,~ and NdNLi were ob- 
tained fiom the appropriate ratios of the heliumlike line w, the lithiumlike line q, and the be- 
rylliumlike line p observed with a crystal spectrometer. This technique essentially normal- 
izes the cross section to the theoretically calculated radiative recombination cross section. 
The cross section can also be determined fiom the crystal spectrometer alone, in which the 
radiative recombination photons are not observed, by normalizing to theoretical cross s e o  
tion for excitation of the lithiumlike line q: 

Here IDR and Iq are the detected intensities of the dielectronic recombination satellites and 
line q, and j3, is the radiative branching ratio of the excited state that leads to line q. 

This technique has been to measure the ionization cross sections for lithiumlike ions 
with 22 I 2 I 26 23. The results are shown in Figure 1 lb, and compared to theoretical pre- 
dict ion~.~ This approach has also been used to measure ionization cross sections in lithi- 
udike Ba5j+, with somewhat worse agreement with theory, but larger uncertainties.u 

hother technique, developed by Ross Marrs, is optimal for hydrogenic and helium- 
like high-2 ions, for which the n = 1 radiative recombination photons are resolvable by a 
solid-state detector. From the observed intensities of the radiative recombination photons, 
the ratio N ~ N H  is obtained, and the ionization cross section for the hydrogenic ions, d~, 
can be determined by 

where (&=) = (doe)) novo agm is an effective charge-exchange recombination cross section. 
Measurements at different values of no can provide an extrapolation of the charge-exchange 
to no = 0 if required. A similar calculation provides the ionization cross section for helium- 
like ions using, additionally, the ratio NH/N&. 

This method has been used to measure the ionization cross sections for heliumlike 
The recorded photon spectrum, showing the radiative recombi- 

nation photons fiom several ionization states, including bare v"', is shown in Figure 12. 
The resulting cross sections, d~ = 1.55 f 0.27 b and d& = 2.82 f 0.35 b, are in reasonably 
good agreement with theoretical  calculation^^^ but disagree significantly with previous 
measurements.27 

and hydrogenic 
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Figure 12. Spectrum of uranium ions in Super-EBIT taken at a beam energy of 198 keV. The n = 1 
radiative recombination features from the bare and hydrogenic ionization states are expanded in the in- 
set. 

Beam Electron 

Figure 13. Schematic view ofthe process of dielectronic recombination. A beam electron is captured 
into a vacant state of an ion, exciting an electron already present in the ion. The resulting intermediate 
doublyecited state decays radiatively. 
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Dielectronic Recombination Cross Sections 

Dielectronic recombination is an important recombination mode in plasmas. The 
process of dielectronic recombination, illustrated in Figure 13, has two steps. First, an 
electron is captured &om the continuum into an excited state of the ion, much as in radiative 
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Figure 14. (a) Scatter plot of d i e lmnic  recombination data for near-heliumlike uranium ions. Radia- 
tive recombination photons form angled bands, while dielectronic recombination photons appear as in- 
tense spots. @) Projection of data from the M, 4, and L12 radiative recombination bands onto the elec- 
Won beam energy axis. The &electronic recombination resonances are apparent on top of the L-shell re- 
combination. 
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recombination. However, rather than emission of a photon, the process excites another 
electron, already present in the ion, fiom one bound state to another in an inverse Auger 
process. The process is resonant for 

where EB is the binding energy of the state to which the beam electron is captured and E12 is 
the energy difference between the initial and final states of the bound electron. The resulting 
doubly-excited intermediate state may decay either by Auger emission or by radiation; if the 
latter occurs, the entire process is dielectronic recombination. The dielectronic recombma- 
tion resonances are labeled in a manner analogous to Auger lines; the KLL resonances are 
those for which an electron is captured into the L shell while a bound electron is excited 
fiom the K shell to the L shell. 

Dielectronic recombination has been measured at EBIT with a number of experimen- 
tal I will describe some of the most recent results, in which the capabilities 
of EBIT are used to the best advantage. 

The primary technique for observing dielectronic recombination at EBIT has been 
the observation of the emitted photons. In order to prevent the recombination fiom sub- 
stantially altering the ionization balance in the trap, the electron-ion interaction energy must 
be swept quickly over the resonances. In a typical dielectronic recombination experiment, 
ions are injected into the trap and ionized to the desired charge state. The electron-ion en- 
ergy is then ramped linearly over the dielectronic recomb&tion resonances, rapidly enough 
to avoid significant recombination. During the sweep, the photon energy, electron beam 
energy, and time are recorded for each detected photon. 

A scatter plot of such data taken in the vicinity of the KLL resonances for near- 
heliumlike uranium ions is shown in qgure 14a. The radiative recorntimation, dielectronic 
recombination, and bremsstrahlung features are labeled. Cuts may be applied to these data 
to separate the final states of the emitting transitions. Projections of the data onto the elec- 
tron beam energy axis for cuts around the M, L3 (2pjn) and L12 (2sm and Zpm) bands are 
shown in Figure 14b. A measurement of the total recombdon cross section would record 
the sum of these three bands plus recombination to higher n levels; the EBIT technique im- 
proves the signal-to-background ratio. 

The recombination resonances in the 1YL& manifold in the L12 cut are visibly 
asymmetric. These data represent the first obsemtion of quantum interference between 
radiative recombination and dielectronic re~ombmtion.~' The two processes have the same 
initial and f b d  states (see Figure 13 and Figure 14), so interference is possible. The shape 
of the resonance peaks in the presence of significant interference should be a Fano profile:j' 

where E = (E - &)/r/2), & is the resonance energy, r is the Lorentzian width of the reso- 
nance, a, and ab are the interfering and non-interfering parts of the continuum cross section, 
and q is the Fano lineshape factor. A comparison of fits to the data using Lorentzian and 
Fano lineshapes is shown h Figure 15. The q values derived from this fit are in good 
agreement with the minimum q values possible fiom the resonance strengths of the largest 
resonances for each ionization state, indicating maximal interference. 
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Our data provide additional evidence that the observed asymmetry is the result of 
interference rather than an instrumental effect. We compared the resonance shape observed 
for the sweep from high to low beam energy with that observed for the sweep from low to 
high beam energy; no difference was observed. The smoothness of the projection of the M 
radiative recombination photons (see Figure 14b) indicates that the ion-beam overlap did 
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Figure 15. (a) Fit of the KLI2L3 resonance data using a Lorentzian lineshape. (b) Reduced residuals 
from Imentzian fit. The systematic variation is quite obvious. (c) Fit of the same data using a Fano 
profile. The x: values for the two fits are 2.98 and 1.02, respectively. For these fits, the resonance 
widths, relative positions, and relative intwititS were fixed to theoretical predictions, and one value of 
the Fano parameter q was fit for each ionization state. 

, 
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not change over the resonance interval. We have also measured these resonances in near- 
heliumlike bismuth ions, and see a similar signature of interference. 

ION-SURFACE INTERACTION STUDIES 

After the initial successes of experiments observing ions in situ in EBIT, Dieter 
Schneider and his collaborators built an ion-extraction system for EBIT to allow experi- 
ments with ions outside the trap.' The ions can be extracted fiom the trap with energies as 
low as 2 keV x q and charge-state analyzed by a dipole bending magnet. This system allows 
investigation of the region in which the potential energy of an ion is comparable to its ki- 
netic energy. The interactions of these ions with surfaces have been the focus of much of 
the experimental work with the extracted ions.32 

Electron Emission from Surfaces 

A highiy-charged ion incident on a surface can produce electrons via kinetic emis- 
sion, originating in the kinetic energy of the ion, and potential emission originating in the 
potential energy of the ion. These processes are the subject of much experimental and theo- 
retical interest. As a slow highly-charged ion approaches a conducting surface, the potential 
barrier for transfer of electrons fiom the material to the ion drops below the Fermi level at a 
distance re given by: 

Xeq+ + Au 

0 10 20 30 40 50 60 O t . ' ' .  ~ ' ' ' ' ~ ' ' ' ' ~ " ' " ~ ~ ' ~ r ' ' ' ' '  

v ( i o 4  m/s) 
P 

Figure 16. Number ofeleclrons emitted per Xe* ion incident on a gola surface as a function of nominal 
ion velocity. The dashed lines are fits to points with vp > 2 . 5 ~ 1 0 ~  cmls using Equation (10). The devia- 
tion from the fit at low v,, is a result of image charge 8cceleration ofthe ions. 
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where q is the ion charge and WO is the work finction of the surface material.33 At this 
point, electrons are resonantly captured into high-n states of the ion, forming a "hollow 
atom." This object gives rise to electron emission by a variety of processes, including 
autoionization, Auger loss to the conduction band, resonant ionization to the conduction 
band, and secondary electron emission from higher-energy Auger electrons and soft x rays 
emitted as the ion enters the surface. Early studies using EBIT ions indicated that the nun- 
ber of emitted electrons per ion is quite high for highly charged heavy ions, though not as 
high as would be expected by extrapolation from low-Z results.u 

Fritz Aumayr and his colleagues have recently performed a systematic study of elec- 
tron yields from slow AF+, Xep, and The ions normally incident on a clean gold surface.3s 
The ions were produced in EBIT, extracted and decelerated to velocities vp < 5x10' cm/s. 
The electrons emitted fiom the surface were accelerated and detected in a solid-state sur- 
face-barrier detector. 

A plot of the number of electrons emitted (y) as a fbction of the velocity of the in- 
coming ion is shown in Figure 16. For ions with velocity vp > 2 . 5 ~ 1 0 ~  cds ,  the data are 
well represented by an empirical formula derived from earlier studies:36 

where c1 is an empirical constant and ya is the velocity-independent emission. At very low 
impact velocities, however, the data deviate significantly from the fit, a result of acceleration 
of the ions by the induced image charge in the surface. In fact, this deviation can be used to 
estimate the image charge acceleration, which was found to be in good agreement with 
theoretical  prediction^?^ The image-charge acceleration can, in turn, be used to estimate 
the value of r,, the distance from the surface at which the first resonant electron transfer oc- 
curs. These derived values also agree well with theoretical predictions. 

Ion-Induced Surface Defects 

In a conductor, electrons move freely, so the charges required to neutralize an inci- 
dent ion are readily available. The situation is quite different in the case of an insulator; the 
charges to neutralize an ion must all come from the atoms near the point of the ion's impact. 
Low-energy, highly charged ions do not significantly penetrate solid material, so the inter- 
action of such an ion with an insulating surface will result in the deposit of a large amount of 
charge and energy in a small volume and would be expected to result in observable changes 
to the surface. 

Dieter Schneider and his colleagues have observed such features from the impact of 
slow highly charged ions extracted Erom DIT onto insulating surfaces?' Cleaved mica 
(KAl3Si3010(OQ), Lacan (c16Hl403), and silica glass (Si02) were exposed to a variety of 
ions, ranging Erom K? to Th"+, with energies of 7 x q keV. After irradiation, the surfhces 
were imaged with an atomic force microscope with a resolution of about 1 nm. The sur- 
faces showed characteristic mounds 0.3 to 2 nm high and 5 to 100 nm in diameter. Re- 
peated scans with the atomic force microscope occasionally "peeled" off the top layer, re- 
vealing a pit beneath the defect; thus, the stxucture is that of a "blister." 

One image of several such blisters created by 490-keV U'w ions on mica is shown in 
Figure 17. The observed volume appears to be roughly linearly related to the ion charge. 
The detailed mechanisms for defect generation are still poorly understood, and are likely to 
be the subject of significant study in the fiture. 
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Figure 17. Atomic force microscape image of "blisters" created by the impact of 490-keV U"'+ ions on 
mica. 

OTHER EXPERIMENTS USING EBITS 

The EBIT traps are "active" traps; that is, the ions in the trap are constantly being 
bombarded by the beam electrons. While this property has some advantages, it does not 
allow the observation of the ions in the absence of the electrons. Two techniques that cir- 
cumvent this problem have recently been developed. 

FT-ICR Observations 

Ifthe electron beam is turned offl the ions in the EBIT trap follow circular cyclotron 
orbits with radii much larger than the electron beam diameter. Because the magnetic field in 
the trap volume is very uniform, it is possible to detect the ions by exciting them at their 
characteristic cyclotron frwluencies and measuring the response. Peter Beiersdorfer and his 
coworkers have successfilly detected this signal by means of Fourier-transform ion cyclo- 
tron resonance (FT-ICR) spectrornetq?* 

Two radio-frequency probes were inserted into the Super-EBIT via radial slots nor- 
mally used as x-ray windows. One probe was used to excite the ions, while the other was 
used to detect the signal. After the electron beam was turned offl the ions were excited by a 
25-ps sine wave with a frequency near the cyclotron resonance of the ion to be observed. 
After a short time interval (a few ms) the detection probe measured the signat fiom the ions, 
which was Fourier-transformed into the fresuency domain. Observed FT-ICR signats from 
krypton44 ions from heliumlike e'+ to bare e are shown in Figure 18. 
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Figure 18. Fourier-transform ion cyclotron resonance speanrm of 'kr ions in Super-EBIT. The reso- 
lution is limited by the sampling time. 

The FT-ICR technique has many possible applications. Most significant is the pos- 
sibility of detecting the number of ions in the trap, to allow absolute cross section measure- 
ments, Even with the relatively crude probe arrangement used in the first experiments, as 
few as 1000 ions could be detected; with improvements, including the installation of a seg- 
mented drift tube optimized to detect the ICR signal, the sensitivity could be increased to 
detect as few as 10 ions, making experiments searching for very small signals possible. 

RETRAP 

Another option for observation of ions without the interference of the electron beam 
in EBIT is to transport the ions from DIT into a separate trap designed for ions only. Just 
such a trap has been built by Dieter Schneider, David Church, and their group at UNL."' 
Dubbed RE=, the device is a cryogenic Penning trap with superconducting magnetic 
coils capable of operation to 6 T. A schematic diagram of EBIT, the ion transport system, 
and RETRAP is shown in Figure 19. Ions 'are extracted from EBIT and transported to 
RETRAP via the ion-transport system, which includes a 90" analyzing magnet to select a 
single charge state and several steerers and lenses. The Penning trap itself consists of five 
electrodes: two endcaps, a segmented ring electrode, and two compensation electrodes. 
The axial frequency of an ion in the trap, oz, is given by: 

where to and ro are the half-length and radius of the trap, VO is the voltage applied to the 
endcap electrodes, A4 and q are the mass and charge of the ion in question, and C2 = 0.5449. 
A high-Q tuned circuit is attached to the compensation electrodes. If the axial frequency of 
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the ions is set to the frequency of the tuned circuit, the ions can be detected by the induced 
noise. The circuit simultaneously cools the ions via radiation. 

Recently, highly charged ions, including Xe" and Thn', have been successfblly in- 
troduced into RETRAP fiom EBIT. The ions were detected in the trap by a variety of 
methods, and have been extracted fiom RETRAP after being held for several seconds. Ra- 
diative cooling of the ions has been observed. The lifetime of uncooled Xe4' ions in the 
trap is greater than 25 s, in agreement with predictions. 

Many exciting experiments are made possible by the RETRAP system. We plan to 
measure ion-atom and ion-ion collisions at very low energies, perform precision laser spec- 
troscopy and Wetime measurements, and observe Wigner crystallization of the one- 
component strongly-coupled plasma formed by the ions. 

CONCLUSION 

The electron beam ion trap is a remarkably useful tool for performing diverse 
measurements with highly charged ions. We have built two such devices at the Lawrence 
Livermore National Laboratory; EBIT and Super-EBIT. With these, we have created 
and trapped ions up to bare v92', and made a wide variety of measurements on diverse 
systems. We continue to develop the devices to extend the range of possible experiments 
with them. 
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Figure 19. Layout dEBIT, transport system, and RETRAP. Ions created in EBIT are injected into 
REThW, where they can be studied without interference from the electron beam. 
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