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ELECTRON CORRELATION LEADING TO DOUBLE-K-SHELL VACANCY
PRODUCTION IN LI-LKE IONS COLLIDING WITH HELIUM

Ali Sami Alnaser, Ph.D.

Western Michigan University, 2002

Single and double K-shell vacancies in Li-like ions colliding with neutral 

helium target have been investigated using high-resolution Auger projectile 

spectroscopy. Be', B2*, C3+, and O5'  Li-like ions were produced and accelerated to 

intermediate-to-high collision velocities where pertuibative models are expected to be 

valid, using the Tandem Van de Graaff accelerator at Western Michigan University.

Double-K-shell vacancies in atomic systems or so-called “ hollow ions” can 

be induced by different mechanism in ion-atom collisions. For interm ediate-to-high 

velocity collisions where the collision time is small, the projectile ion can interact 

with only one of the target electrons to produce a K-shell vacancy. By subsequent 

rearrangement of the remaining ion, in which electron correlation plays an important 

role, the second K-shell electron may be excited or ionized. This process is referred 

to as TS1 (two-step with one projectile interaction). Additionally, at lower projectile 

velocities, the projectile may interact with each of the target electrons independently 

to produce two K-shell vacancies. This process is referred to as TS2 (two-step with 

two projectile interactions).

Plane-Wave Bom Approximation (PWBA) was used to calculate the cross 

sections of the single-K-shell excited states, and was used to compare with the 

measured ones.

The collision velocity dependence of the cross section for the doubly vacant 

states was used to help determine the mechanism responsible for the hollow states
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production in the Li-like ions.

Different electron correlation effects were inferred from the spectral features 

of the formed hollow states. The variation of these effects were also investigated as a 

function of the collision velocity and the atomic number of the Li-like ion.
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INTRODUCTION

The excitation of a core (K shell) electron by an incoming photon or ion can 

trigger a second core vacancy due to electronic rearrangement of the excited system, 

thereby producing a so-called “ hollow” atom or ion, in which the innermost shell (the 

K shell) is empty. The states of hollow lithium and lithium-like ions, where electron 

correlation effects lead to states of the type (nlnTnT) with n >2, have recently been 

the subject of intense experimental and theoretical interest (Ahmed and Lipsky, 1975, 

Chung and Gou, 1995, Azuma et al., 1995, Joumel et al., 1996, Diehl et al., 1997, 

Diehl et al., 1999, Conneely and Lipsky, 2000, Madsen and Molmer, 2001).

Doubly excited states of helium are also hollow states, and were first 

described by Fano (Fano, 1961). These states have been investigated theoretically 

and experimentally by many researchers during the past thirty years (Andersen et al., 

1986, Reading and Ford 1987, Bruch et al., 1993, Fulling et al, 1992, Berg et al., 

1992, McGuire et al., 1995). Studies of these states were continuously improved over 

the years providing new information on the correlated motion of a pair of electrons in 

the Coulomb field of the nucleus. Also, highly charged ions colliding with metallic 

surfaces forming highly excited hollow ions have been of considerable interest in 

recent years (Briand et al., 1990, Limburg et al., 1995, Khemliche et al., 1998, 

Stolterfoht et al., 2000).

Photoexcited hollow helium, for photon intensities sufficiently low to interact 

with a single electron, results entirely from the electron-electron interaction, and thus 

fully describes single-photon-multielectron transition interactions (Levin et al., 1991, 

Tang et al., 1992, Domke et al., 1992, Andersson and Burgdorfer, 1993).

I
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Additionally, electron correlation has been shown to play a significant role in the 

double-K-shell vacancies produced in a helium target when interacting with fast 

charged particles (Pedersen and Hvelplund, 1989, Giese et al., 1990, McGuire, 1991, 

Tanis et al., 1992, Berg et al., 1992, Fiilling et al., 1992).

hi a similar sense to helium being the simplest closed shell atom, lithium is the 

simplest open-shell many-electron system. Lithium, a four-body Coulombic system, 

provides an opportunity for investigating highly correlated multiply excited states 

when the K-shell is totally evacuated, hi addition, in three-electron systems the 2s 

electron in the initial state allows both single-and double-K-shell vacancy production 

to be investigated from a single Auger emission spectrum, which is not possible for 

two-electron systems (except for double-K-shell excitation). Also, Li-like ions have 

the advantage that there are no long-lived metastable states that can make the 

interpretation of the observed spectra more difficult.

The first doubly and triply excited states in lithium were measured by Bruch et 

al. (Bruch et al., 1975), by passing slow Li+ ions through carbon foils. The energy 

values of the hollow states were determined and compared with theory. Miiller et al., 

(Muller et al., 1989) observed direct two-electron K-shell excitation contributing to 

electron-impact ionization of Li+ ions. The formation and decay of resonant triply 

excited states were observed and interpreted as correlated two-electron transitions. 

Triply excited states of hollow lithium induced by photoabsorption were first 

observed by Kiernan et al., using the dual plasma laser technique (Kieman et al., 

1994), where it was shown that the motion of the three electrons in the field o f  the 

nucleus is highly correlated. Following that, several investigations of hollow lithium 

states were conducted using photoion and photoelectron spectroscopy (Kieman et al., 

1995, Cubaynes et al., 1996, Diehl et al., 1997, Azuma et al., 1997, Diehl et al.,
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1999). In these measurements the energy values of doubly or triply excited states 

were measured and compared with different theoretical results. Recently Tanis et al., 

(Tanis et al., 1998, Tanis et al., 1999, Tanis et al., 2000) have measured hollow states 

formed in an atomic Li target when bombarded with fast charged ions. The 

mechanisms responsible for hollow state formation in these interactions were 

investigated and compared with photon-induced interactions, where only the electron- 

electron interaction can give rise to hollow state formation.

The role of electron correlation is well established in ion-atom collisions, and 

different theoretical schemes have been formulated in order to describe this 

correlation. Reading and Ford established a numerical method to accurately solve the 

collisions of bare ions with correlated many electron atoms using the forced impulse 

method (Reading and Ford, 1987). Martin and Salin have defined a reference 

calculation in which correlation is not included during the collision processes but is 

instead included in the initial and final states of the transitions (frozen-correlation 

approximation) (Martin and Salin, 1996). hi perturbation theory, important 

contributions were made by McGuire, (McGuire, 1987) and Stolterfoht (Stolterfoht, 

1993). McGuire has discussed in detail the relation between electron correlation and 

the various orders of perturbation theory in describing multiple excitation processes 

(J. H. McGuire, 1982, McGuire, 1987, McGuire, 1997).

Furthermore, Stolterfoht discussed the concepts of electron correlation in ion- 

atom collisions in terms of dielectronic processes (Stolterfoht, 1991), which is 

essentially the mutual scattering of the electrons due to the Coulombic interaction. In 

this picture the dynamic processes are associated with configuration interaction 

occurring during the collision in the four-body ion-atom system or after the collision 

in the atomic three-body system. The effects of dielectronic correlation have been
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observed and verified in several slow ion atom experiments (Chesnel et al., 1996, 

Chesnel et al., 1998, Fremont et al., 1999, Fremont et al., 1996, Bedouet et al., 1999).

The Coulombic electron-electron interaction plays an important role in the 

two-electron processes of double ionization, double excitation and ionization- 

excitation, which can lead to hollow state formation during collisions of photons or 

charged particles with few-electron targets. Some important applications in which 

these transitions occur are plasma dynamics, astrophysical processes, and solar 

atmospheric physics. Also, electron correlation occupies a fundamental role in the 

inner-shell photoionization of atoms and molecules, x-ray laser research and plasma 

diagnostics.

For double-K-shell vacancy production in intermediate-to-high velocity 

atomic collisions where the collision time is small, the projectile interacts mainly with 

only one of the target electrons transferring it to an excited state or to the continuum 

to produce a K-shell vacancy. By subsequent rearrangement of the residual ion 

through the electron-electron interaction, the second electron may be excited or 

ejected. This process is referred to as TS1 (two-step with one projectile interaction) 

(McGuire, 1987, McGuire et al., 1995). At lower projectile velocities, the projectile 

may interact more strongly with the target electrons to independently produce two-K- 

shell vacancies. This process is referred as TS2 (two-step with two projectile 

interactions). Furthermore, when the projectile velocity is greater than the velocity o f 

the active bound electron, the Bom approximation is expected to be valid, and the 

interaction with incident ions is expected to resemble the interaction with incident 

photons where the corresponding momentum transfer is small.

Electron correlation can have different forms depending on how the first K- 

shell electron is ejected. If the first electron is ejected slowly, it can interact with
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another electron through their mutual repulsion, such that subsequent excitation or 

ionization takes place and a hollow ion is produced. This process is referred to as 

dielectronic correlation. On the other hand, if the first electron is ejected suddenly, 

thereby "freezing" the remaining electrons in their initial states, the wave function of 

the electrons in the residual ion must change and a second electron can be excited or 

ionized due to the subsequent electronic rearrangement. This process is described in 

terms of shake dynamics (Ishihara et al., 1980, J. H. McGuire, 1982, Huang et al., 

2000).

In the present work, single and double-K-shell vacancies produced in Li-like 

Be*, B2+, C3* and O5* ions interacting with neutral helium are investigated at 

intermediate-to-high velocity collisions. Using different Li-like ions allows an 

understanding of the variation of electron correlation when the Z of the parent ion 

changes. Different collision energies are used in order to study the dependence of 

electron correlation on the velocity o f the collision. Singly- and doubly-BC-shell 

excited ions are investigated by detecting Auger electrons emitted at 0° to the beam 

direction using a tandem parallel-plate spectrometer (discussed in the experimental 

section).

In the collision systems studied here, the helium target atom can interact as a 

"needle" in selectively ionizing or exciting the K-shell without disturbing the outer 

shell (Stolterfoht, 1987, Stolterfoht, 1994). hi this picture the Li-like ion is not 

considered to be a Coulomb point source but rather a structured particle whose 

properties can be investigated by the perturbing action of the light incident target 

atom (He in the present case). Following the initial excitation produced by the helium 

nucleus, a second transition may occur leading to a hollow ion. For these transitions 

the electron-electron interaction is expected to be one of the responsible mechanisms,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and its effects are investigated by varying the collision velocity and the charge of the 

parent ion.

Furthermore, the cross sections for producing the doubly-K-sheil vacant states 

in the different Li-like ions are determined. The velocity dependence of these cross 

sections is used as a tool to help determine the mechanisms responsible for the hollow 

state formation in the Li-like sequence studied here (Heber et al., 1990, Berg et al., 

1992, Tanis et al., 1992, Fulling et al., 1992, McGuire et al., 1995), where this 

dependence exhibits different behaviors depending on whether the double-K-shell 

vacancy is produced by the TS1 or TS2 mechanism.
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THEORETICAL BACKGROUND

Bom Approximation

The Plane-Wave Bom Approximation (PWBA) provides a basis for studying 

ionization and excitation in ion-atom collisions, hi this approximation the projectile 

deflection as a result of its interaction with the target nucleus is negligible. Therefore, 

the collision can be treated as perturbation where the projectile is represented by a 

plane wave. The electronic wave function is taken to be centered on the target atom. 

This assumption is valid when Zp /Zt«  Vp/v0 (McDowell and Coleman, 1970), where 

Zp and Zt are the projectile and the target nuclear charges, respectively, vp is the 

projectile velocity and v0 is Bohr velocity. Reviews of the Bom approximation are 

available in different references (Inokuti, 1971, Inokuti et al., 1978, Briggs and 

Macek, 1991).

The total Hamiltonian for a particle of charge Zp interacting with an electron 

on a target of nuclear charge Zt is given by:

where -iV represents the momentum of the projectile of mass M, R(t) is the distance 

between the target and projectile nuclei, and rk are the coordinates of the target j

and k electrons, -iVj the momentum of the jth target electron, Hp and Hr are the

(1)

= Hp + HT + Hint (2)

7
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8
Hamiltonians o f the projectile and the target, respectively, and Hjm = V is the 

interaction between the projectile and the target that causes the electronic transition in 

the atomic target.

In first order perturbation theory (or the PWBA) the probability amplitude for 

an electronic transition from an initial state i to final state /  is given by:

afi= a ^ - i ) e ^ l ( f ^ \ i ) d t  (3)

with Wyr = Ef  - E i .  The integration over time is performed to calculate the evolution

of the electron as a result o f  the collision. The first order approximation is usually 
valid when higher orders o f jv(t)dt are small (Sakurai, 1994, Merzbacher, 1998).

For the Coulomb interaction, V= Zp/|/?(f) -  r | , and using/? (t) = b + vpt, where b is the

impact parameter of the projectile (J. H. McGuire 1997):
\V(t)dt=j Zp/|*-r|dtaZ^v„ (4)

which means that the first order Bom approximation is valid only when Zp/ vp« l .

According to Eq (3), the transition probability from state i to state f  is given by2

I V - W ’ -  "/dO

and the cross section for the transition is :
a ^ 2 n \ P ft(b)bdb (5)

One of the advantages of the PWBA method is the scaling laws (Briggs and 

Macek, 1973, E. J. McGuire 1982, Itoh et al., 1985, Lee et al., 1992, S. Ricz et. al, 

1993, McGuire 1997) that are applicable to the transition amplitudes and the cross 

sections, which enables the excitation cross section of an atomic target by a projectile 

of charge Zp to be obtained from the excitation cross section of that target by proton 

(Zp=l) impact, i. e.,

o>(Zp, vp) = Z \ cryf(Zp=l,vp) (6)
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9
The applicability of the PWBA method can be extended by including the 

projectile-target nucleus interaction. This method is known as the distorted wave 

Bom approximation, where the changes in the projectile wave function due to the 

interaction with the target atom are taken into account. A review of the distorted 

wave approximation is given by Rudd et al., 1985.

Two-Electron Transitions

In addition to single-electron transitions, ionization and excitation can be part 

of two-electron transitions. If a two-electron transition leads to an empty K shell, a 

so-called hollow atom is created. The possible two-electron phenomena that may 

lead to double-K-shell vacancies include double-excitation, ionization-excitation, and 

double-ionization. Perturbative models of these phenomena are generally valid in fast 

ion atom collisions for which Zp/vp « 1 .

It is generally recognized that there are two mechanisms responsible for 

double-K-shell vacancy production in a target atom or ion (J. H. McGuire, 1982). 

The first one is called TS2 (two-step with two projectile interactions) in which the K- 

vacancies are produced by independent nucleus-electron (rt-e) interactions. The 

second mechanism is TS1 (two-step with one projectile interaction), where the K 

vacancies are produced by a single nucleus-electron interaction followed by an 

electron-electron (e-e) interaction. Moreover, interference between the first and 

second mechanisms could also lead to double-K-shell vacancies (J. H. McGuire, 

1982, Reading and Ford, 1987, Edwards et al., 1991).
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10
TS2 Mechanism

In the TS2 mechanism, a double-K-shell vacancy state results from two

separate interactions between the projectile nucleus and the active electrons. That is,

each target electron is promoted via independent interactions with the projectile

nucleus. The interaction scheme for the TS2 mechanism is shown in Fig. 1 for a

three-electron target atom or ion. Since the cross section for single-K-shell vacancy 
production, in the Bom approximation, has the form (ln(Vp))"/Vp, with n = 0,1 for S

and P final states, respectively, the cross section for double-K-shell vacancy 

production by TS2 is expected to have the form
flWvp))

f f m S  15- .  (7-A)
v p

where f  is a polynomial in vp and In(vp), (J. H . McGuire, 1982, Manson and 

McGuire, 1995).

TS1 Mechanism

In this mechanism, one target electron is promoted (whether excited or 

ionized) by direct interaction with the projectile nucleus and a second electron is 

excited or ionized as a result o f an e-e interaction. The interaction scheme for the 

TS1 mechanism is shown in Fig. 2. The e-e interaction may contribute to the 

formation of hollow states in two ways, depending on whether the first promoted 

electron is ejected fast or slow. In the latter case, the first electron can interact with 

the remaining core electron directly in a binary encounter on its way out of the K-shell 

causing subsequent ionization or excitation of the second electron to produce a 

double-K-shell vacancy state. Due to the mutual scattering of the two electrons, this 

mechanism is referred to as dielectronic (Stolterfoht 1991). Through the scattering of 

these two electrons, the first electron may transfer its angular momentum to  the
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second electron permitting both S and P hollow states to be formed.

Projectile

n-e

TS2
►

Target

Fig. 1. Interaction Scheme for The TS2 Mechanism. Double-K-shell vacancy is 
produced by independent n-e interactions.

Projectile Slow ( 
electron

n-e

Dielectronic

Target

Projectile
Fast electron e>

n-e
e-<

Shake

Target

Fig. 2. Interaction Scheme for The TS1 Mechanism. Double-K-shell vacancies are 
produced by an n-e interaction followed by an e-e interaction. The e-e interaction 
may involve dielectronic or shake dynamics (see text).
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On the other hand, when the first electron is removed quickly by the n-e 

interaction, a final state rearrangement occurs in the residual target due to the sudden 

change in the electronic screening of the nucleus seen by the second electron. This 

rearrangement can result in ionization (called shake off) (McGuire, 1997, Tolstikhina 

et al., 1998, Mauron et al., 2000), or excitation of the second electron (called shake 

up) (Ishihara et al., 1980, Huang et al., 2000), thus, producing a hollow state. The 

probability for such a rearrangement is given by:

P (shake) = |(^/ |$ ) |2 (8)

where fa is the initial “screened” state and <f>{ is the final “unscreened” state. Since

shake dynamics result from internal rearrangement of the residual target, the angular 

momentum must be conserved.

Since the TS1 mechanism is due to a single encounter between the projectile 

nucleus and the target electron, the cross section for this process is proportional to the 

single-K-shell ionization cross section and can be written as:

ln(v_)
0 -7 5 , = const * &ioHBarion =  Y ~  (7- B)

VP

It should be noted, however, that in finding the total hollow state cross section, the 

coherent sum of the amplitudes for the TS1 and TS2 processes must be considered. 

The above formulation will be used to help determine the mechanisms responsible for 

hollow state production in Li-like ions interacting with a helium nucleus at 

intermediate-to-high collision velocities where perturbative methods are expected to 

be valid.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



EXPERIMENTAL PROCEDURE

Overview

Most of this work was done at Western Michigan University using the tandem 

Van de Graaff accelerator. A schematic diagram of the Western Michigan University 

Van de Graaff accelerator is shown in Fig. 3. An ion source called a SNICS (a Source 

of Negative Ions by Cesium Sputtering) was used to produce a beam of negative ions, 

which was directed toward the high voltage terminal of the accelerator. Following the 

initial acceleration, in the terminal the negative ions were stripped of some of their 

electrons to produce positively charged ions. These positively charged ions were 

accelerated further in the second stage of the accelerator to a final energy of (1+ q) V, 

where q is the charge of the positive ion and V is the terminal voltage. A  90° 

analyzing magnet was used to select Li-like ions (Z-q = 3; Z is the atomic number of 

the ion), which were then directed by the switching magnet towards the scattering 

chamber in the atomic physics beamline. Additional measurements were conducted 

at Kansas State University for higher collision velocities than were possible at WMU, 

due to the maximum current limitation of the analyzing magnet at WMU.

The Li-like projectiles were directed into the scattering chamber where they 

collided with a neutral helium gas target. Single- and double-core (K-shell) excited 

Li-like ions were investigated by detecting Auger electrons emitted at 0° with respect 

to the beam direction using a parallel-plate electron spectrometer system. The Li-like 

ions were collected in a Faraday cup at the end of the beamline for normalization 

purposes. A Keithley electrometer measured the current in the Faraday cup. A  full- 

scale current from this instrument gives a 2 V dc output, which was dropped across

13
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1 MQ resistance to convert the voltage output to a current output. A digital current 

integrator (DCI) then converted this current to logic pulses, which were counted by a 

scaler.

WMU TANDEM VAN DE G R A A F F  A C C E L E R A T O R
IR S

Wt

8 U D

Fig. 3. Schematic Diagram of The Western Michigan University Tandem Van de 
Graaff Accelerator and Beamlines.
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Electron Spectrometer and Associated Electronics
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As mentioned above, single and double-K-shell vacancies produced in the 

projectile Li-like ions were investigated by detecting Auger electrons emitted at 0°, 

i.e., along the beam direction, in the laboratory frame of reference. To isolate 

individual excited states corresponding to the Auger electrons, it was necessary to 

measure the electron spectra in high-resolution. A tandem parallel-plate spectrometer 

system, shown in Fig. 4, was used for this purpose. The spectrometer can be operated 

in different modes, depending on the electron energies that are being measured and 

the resolution that is desired. For the present study, where high-resolution is the main 

requirement to identify the different singly- and doubly-excited states, the 

spectrometer was operated in its so called “high-resolution, high-energy” mode. In 

this mode, the electrons are first energy-analyzed and deflected by 90° with respect to 

the projectile beam in the lower spectrometer (see Fig. 4). Electrons emerging from 

the lower stage are then retarded by a voltage applied to a grid between the lower and 

upper spectrometers to a smaller energy called the pass energy, Epass, before entering 

the upper spectrometer. The larger the retardation, the smaller the pass energy, and 

the higher the energy resolution. The electrons are then energy-analyzed and 

deflected by 90° again, at this lower pass energy, to achieve the resolution needed. 

The energy resolution is given by <?E = REpws, where R is the constant intrinsic 

instrumental resolution, which depends on the widths of the entrance and exit slits of 

the spectrometer (D. Roy and D. Tremblay 1990). For the spectrometer used in the 

present measurements R ~ 3%.

The required voltages that must be applied to the different plates of the lower 

and upper spectrometers and the grid between them are determined from geometrical 

considerations, and are given by:
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Vl= -k lE, VG = -(E - Epajj) and V2 = -(VG - fcE p^) (9)

where E is the energy of the incoming electron and Vi is the voltage on the back plate 

o f  the lower spectrometer (the front plate is always grounded), VG is the retarding 

voltage on the grid (the same as the voltage on the front plate of the upper 

spectrometer) and V2 is the voltage on the back plate of the upper spectrometer, ki 

and k2 are the lower and upper spectrometers constants, respectively, which are 

functions of geometry only (in the present case kt= k2= 0.60). The energy spectra of 

the emitted electrons were obtained by incrementing the voltages, under computer 

control, on the different plates of the spectrometers over the energy range where 

single and double-K-shell vacancies lines for the investigated Li-like ions are 

expected to occur. A LABVTEW data acquisition program running on a PC, 

developed by S. Rumega (M. A. thesis, 2000) was used to control the applied voltages 

and to acquire the measured spectra.

The spectrometer voltages were provided and the electron signals were 

processed using the electronics shown in Fig. 5. After being analyzed by the 

spectrometer the electrons were detected by a channel electron multiplier (CEM), 

which was biased to an operating voltage of ~2500 volts. The CEM signals were sent 

through a fast timing amplifier (FTA) to a constant fraction discriminator (CFD) 

where a threshold was set to eliminate noise and background signals. The 

discriminator signal was then sent to a CAMAC scaler to be counted. The number of 

counts corresponding to a given electron energy was recorded by the LAB VTEW data 

acquisition program mentioned above. These counts were normalized to the 

projectile beam intensity as measured by the Faraday cup at the end of the beamline. 

Then, by stepping the voltages on the plates of the spectrometers, a specific range of 

electron energies could be scanned. To obtain better counting statistics for small

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

cross section processes, multiple scans over the energy range of interest were set 

using the acquisition program until the desired spectral features were clearly 

observed.

V^-CVo-kzEp**)

CEM

Electronics

Ion Beam

V=VG

Retarding Gnd 
VG = -(E - Epau)

Upper
Spectrometer

ower
Spectrometer

Suppressed 
Faraday Cup

V ^ -k .E

Fig. 4. Tandem Parallel-Plate Electron Spectrometer System. The voltage on the 
back plate of the lower spectrometer deflects by 90° the electrons entering the 
spectrometer. After that, the electrons are retarded to a relatively small pass energy 
Epass and deflected again by 90° to obtain high resolution.
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V2

Vo Suppressed Faraday Cup

Ion Beam

Spectrometer 

^  e
Keithley Electrometer

Biasing
C E M \

Voltage
-2500 V

0-2V

1 MO

Digital Current Integrator

Fast Timing Amplifier

Constant Fraction Discriminator

CAMAC
Scaler

High Voltage 
Power Supplies

CAMAC
Scaler

LAB VIEW PC 
Control Terminal

Fig. S. Block Diagram o f the Eelectronics Used for Spectrometer Control and 
Data Acquisition.
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Determination of Cross Section
19

The experimental doubly differential electron emission cross sections in the 

laboratory frame of reference can be obtained from the following expression (Lee et 

al., 1992, Zouros and Lee, 1997):

=  —  (10)
dEdQ N, * n* AE* A£l* I* t}(E)

where ne and N, are the number of the detected electrons and projectile ions at each 

electron energy, respectively, AE is the electron acceptance energy given by AE = 

REp,,,, / is the length of the gas cell (in the present work /= 4 cm), n is the target 

gas density, and is the solid angle of the spectrometer. This solid angle depends 

on the lengths of the paths traveled by the electrons through the first and second 

stages of the spectrometer, the lengths and widths of the entrance and exit slits of the 

spectrometer, and the distance of the spectrometer entrance from the gas cell exit 

aperture. From these values the solid angle was determined to be -lO "4 sr. The 

overall efficiency of the spectrometer tj(E) represents the product of the spectrometer 

transmission, the CEM efficiency, and other experimental factors.

To determine 77(E ), the measured yields from binary encounter electrons (see 

below) resulting from collisions of the Li-like ions investigated with the He target 

were normalized to the calculated doubly differential Rutherford cross sections 

obtained using the impulse approximation (Zouros et al., 1990, Lee et al., 1990, 

Zavodsky et al., 1999, Zavodsky et al., 2001). The binary encounter electrons were 

also measured in high-resolution mode using the same pass energy that was used to 

measure Auger electrons emitted from the singly- and doubly-K-shell excited states 

of the Li-like ions, in order to ensure the same overall efficiency.
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Cusp and Binary Encounter Electron Measurements

In ion-atom collisions different types of interactions take place, and, 

consequently, electrons with different energies are ejected. Electrons captured to the 

projectile continuum, or lost by the projectile to the continuum, and traveling forward 

with the beam velocity, are called cusp electrons and are characterized by an energy t 

= (m/M) Ep, where (m/M) is the electron-projectile mass ratio, and Ep is the energy of 

the projectile ion. Furthermore, target electrons may be ionized by the projectile as a 

result of direct encounters in which the electrons are essentially scattered elastically. 

Such electrons are referred to as binary-encounter electrons (BEe), and are emitted 

with an energy equal to 4t at zero degrees, i.e., along the beam direction, in the 

laboratory frame of reference (Stolterfoht et al., 1974).

As mentioned above, in order to obtain the overall efficiency o f the 

spectrometer, binary encounter electrons were measured and compared with theory. 

The target gas cell was differentially pumped and the chamber pressure was always 

less than I O' 5 Torr during the measurements. The target gas pressure was maintained 

below 80 mTorr for all measurements and the measured electron yields were checked 

to ensure single collision conditions. Fig. 6  shows the pressure dependence of the 

binary encounter yield at 0° in the laboratory frame for 20.7 MeV F6* + He collisions, 

indicating that single collision conditions exist up to at least 80 mTorr for this 

collision system. The same procedure was used for each of the Li-like ions studied to 

ensure single collision conditions before starting the high-resolution Auger emission 

measurements

To compare with theory, the measured yields and the electron energies were 

transformed from the laboratory frame of reference to the projectile frame of 

reference. Since we investigate only electrons emitted along the beam direction, the
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transformation can be made using (Stolterfoht 1987, Itoh et al., 1985):

d 'a  ~) .  &
K.dELABdCijUB V Eua

(11)

with Epnj = ( y [ E ^ S t ) 1 (12)

where t = (m/M)Ep is the cusp energy.

The exact value of the cusp energy was determined from the observed energy 

position of the cusp in the measured spectra, which is obtained from the spectrometer 

voltage setting for this peak, hi this way an accurate value for the energy o f the 

projectile ion is obtained. This method for determining the precise energy of highly- 

charged ions produced in tandem Van de Graaff accelerators has shown good 

reliability and has been used by other investigators (Lee et al., 1990 and references 

therein).

A typical 0° spectrum for 15 MeV C3* + He in the laboratory frame of 

reference is shown in Fig. 7. The cusp was observed at energy value of 690 eV in the 

laboratory frame of reference while the presumed projectile energy (Ep = 15  MeV) 

produced in the accelerator gives 680 eV using t = (m/M) Ep. This difference in the 

energy value of the cusp must be taken into account in the transformation o f  the 

electron energies and the cross sections from the laboratory frame to the projectile 

frame of reference in order to get accurate values in this latter frame.
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Fig. 6 . Target Gas Pressure Dependence of Binary Encounter Electron Production for 
20.7 MeV F6* + He. The linear dependence of the electron yield on the target pressure 
indicates that single collision conditions are satisfied up to at least 80 mT.
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10000

'c

Binary Encounter 
E =4t=2760 eV

A uger

a 100-

tt=
Q

0 500 1000 1500 2000 2500 3000 3500

Laboratory Electron Energy (eV )

Fig. 7. Typical 0° Electron Emission Spectrum for 15 MeV C3* + He in the 
Laboratory Frame of Reference. Cusp and binary encounter maxima are observed 
Auger electrons from C3~ ions are also observed near 1800 eV laboratory electron 
energy. The cusp energy value is determined directly from the spectrum based on the 
spectrometer plate voltages. In this way an accurate value for the projectile energy is 
found.
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DATA ANALYSIS

The production of single and double-K-shell vacancies in Li-like Be+, B2+, C3+ 

and 0 5-r was investigated for different collision energies. Fig. 8  shows spectra for 4.5 

MeV Be+ + He using pass energies of 50, 100, and 200 eV in the electron 

spectrometer. The measured laboratory yields and electron energies have been 

transformed to the projectile frame of reference using Eqs. 10, 11, and 12. As seen in 

the figure, a pass energy of 50 eV with a corresponding resolution of 1.5 eV (3%), 

gives the best resolution and ensures that there is no overlapping of the lines of 

interest.

1600
4.5 MeV Be* + He

1400 -

E =200 eV
w 1200 -

100 eV
-o  1 0 0 0 -

50 eV
800 -

600 -

400 -

200 -

90 100 110 120 130

Projectile Frame Electron Energy (eV)

Fig. 8 . Measured Auger Spectra for Different Spectrometer Pass Energies. The spectra 
show that a pass energy of 50 eV gives the best resolution, and enables the 
identification of the individual lines.
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Single-K-Shell vacancies

The measured spectra consisted of two ranges corresponding to single-and 

double-K-shell vacancy production, respectively. For Be+ ions, these two ranges are 

distinct and there is no overlap between them, while for B2+, C3+ and O5* ions, some 

of the doubly-excited states lie within the singly-excited state energy range. Figs. 9- 

12 show the single-K-shell excitation cross sections for Be+, B2+, C3+ and O5̂  ions, 

respectively, for the incident collision velocities indicated in the figures. The 

measured laboratory cross sections and energies have been transformed to the 

projectile frame of reference using Eqs. 10,11, and 12.

The energy values of the autoionizing states (in atomic units) for the ions 

studied here were obtained using the following formula (Rodbro et al., 1979) :

E = EoZ2+  EiZ + E2 (13)

where Z is the atomic number of the Li-like ion and Eo, Et, E2  are constants 

determined by the atomic number and the state of interest The above formula is a 

general result obtained from perturbation theory for the excited-state energy values 

within the lithium isoelectronic sequence. The calculated results using this formula 

show good agreement with Hartree-Fock calculations and other theoretical results 

(Drake and Dalgrano, 1970, Drake, 1972, Lipsky et al., 1977, Chung and Bruch, 

1983, Bruch et al., 1985, Bruch et al., 1987). The energy values for Auger electrons 

emitted from the decay of single-K-shell excited states of Be+, B2+, C3+ and Os+ Li- 

like ions are listed in Table 1. The ground state Is2  lS is the final state for each 

transition.
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Table 1. Auger Energies for Single-K-Shell Excited States in Be+, B2+, C3* and 0 5* 
Li-Like ions. The formula given in Eq. 13 and other references cited in the text were 
used to identify these lines. The ground state Is2  lS is the final state for each of these 
transitions.

Initial State
Auger Energies (eV)

Li-Like Ion
BeT B"" c r

ls2s2 2S 96.2 154.9 227.1 412.4

ls(2s2p 3P) *P 98.3 156.9 229.5 415.5

ls(2s2p 3P) 2P 100.7 161.4 235.3 424.4

ls(2s2p 'P) 2P 102.85 164.3 239 429.4

ls2p2 2D 104.3 166.4 242.0 434.6

ls2p22S 107.83 171.3 248.7 -

ls(2s3s 3 S) 2S 1 1 0 . 8 182.6 271.5 500.8

ls(2s3p 3P) 2P 111.45 183.8 272.4 502.2

ls(2s4p 3P) 2P 115.0 195.3 290.3 529

ls(2snp 3P) 2P 116.1 200.3 298.6 546.6
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Fig. 9. Single-K-Shell Vacancy State Cross Sections in Be+ Ions vs. Projectile Frame 
Electron Energies for 0.5-1.1 MeV/u Collision Energies.
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Fig. 10. Single-K-Shell Vacancy State Cross Sections in B2* Ions vs. Projectile 
Frame Electron Energies for 1-1.9 MeV/u Collision Energies. Additional singly-K- 
shell excited states were also measured at higher electron emission energies, where 
they overlap the doubly-excited K- shell states.
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Fig. 11. Single-K-Shell Vacancy State Cross Sections in C3+ Ions vs. Projectile Frame 
Electron Energies for 0.75-2 MeV/u Collision Energies. Additional singly-K-shell 
excited states were measured at higher electron energies, where they overlap the 
doubly-excited K-shell states.
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As seen from the spectra of Figs. 9-12 single-K-shell excitation is mainly 

produced by dipole transitions, i.e., transitions from the ls22s !S ground state to 

excited P states. This can be seen quantitatively by comparing the intensities of the 

Is2s2p 2P and ls2s2 2S lines, with the latter being the strongest excited S state in each 

case. The large ratios of the Is2s2p 2P to the ls2s2 2S lines show that monopole 

transitions are much less likely to occur in these collisions by nucleus-electron (n-e) 

interactions within the collision velocity range studied here. This result will be used 

to help determine the role of the electron-electron (e-e) interaction in forming hollow 

states of total angular momentum 0 (S states).

To obtain the single differential cross sections for each of the observed lines, 

the area under each peak was found by direct integration over the electron energy. 

Tables 2-5 list the cross sections for each of the excited state lines in Be”, B2”, C3+ 

and O5” ions, respectively, representing the single differential cross sections at 180° in 

the projectile frame of reference for each collision velocity.
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Configuration

Singly Differential Cross Section (x 10’20 cm2/sr)
Collision Energy (MeV/u) 1

0.3 0.5 0 . 6 0 . 8 0.9 1 .1

1s2s22S 15.7 ±0.3 3.6 ± 0.2 2.910.2 2.4 ±0.1 2 .2 1 0 . 1 2 .0 1 0 . 1

Is2s2p 4P 3.0 ± 0.3 2.310.2 1 .2 1 0 . 1 0.81 ±0.07 0.71 ±0.06 10.5910.05

ls(2s2p 3P) 2P 32.1 ±0.4 25.910.3 23.010.3 19.6 ±0.2 18.010.2 16.310.1

ls(2s2p *P) 2P 5.0 ± 0.4 3.410.3 3.110.3 2.3 ±0.2 1.910.2 1.610.1

ls2p2 2D 0.79 ± 0.07 0.751.07 0.3310.03 0 .2 1 1 . 0 2 0.1410.01 0.0510.01

ls2p22S 0.29 ±0.03 0.291.03 0.2910.03 0.2810.03 0 . 2 1  ± 0 . 0 2 0.1810.02

ls(2s3s 3S) 2S 1.25 ±0.05 1.1 ±0.05 0.910.05 0.810.04 0.810.05 0.6010.05

ls(2s3p 3P) 2P 5.45± 0.3 4.610.3 3.510.2 3.3 ±0.2 310.2 2.5010.3

ls2s lS 3s 2S — 1 .2 1 0 . 1 0.7010.04 0.6310.03 0.5410.03 0.4510.02

ls2s4pzP 2.8010.1 2.710.1 2 . 1  ± 0 . 1 1 . 6  ± 0 . 1 1 . 6  ± 0 . 1 1.6010.1

ls2snpZP 2.4010.2 2.410.2 1 .1 1 0 . 1 0.9510.09 0.55 1.05 0.3910.04

Table 
2. 

M
easured 

Singly-D
ifferential Cross 

Sections 
at 

180° in 
the 

Projectile 
Fram

e 
of 

Reference 
for 

the 
Single-K

-Shell 
Excited 

States 
in 

B
e+ 

for 
Each 

of 
the 

C
ollision 

Energies 
Studied 

(see 
Figs. 9).
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Table 3. Measured Singly-Differential Cross Sections at 180° in the Projectile Frame
of Reference for the Single-K-Shell Excited States in B2+ for Each o f the Collision
Energies Studied (see Figs. 10 and 14).

Singly Differential Cross Section (x 10"2 0  cm2/sr)

Configuration Collision Energy (MeV/u)

1 . 0 1.5 1.9

ls2s2  2S 1.27 ±0.1 0.90 ±0.05 0.83 ±0.04

1s2s2p 4P 1.3 ±0.1 0.32 ±0.02 0.17 ±0.01

Is2s2p 3P 2P 13.5 ±0.7 9.9 ±0.5 9.3 ±0.4

Is2s2p 'P 2P 2 . 1  ± 0 . 2 0.99 ±0.07 0.89 ±0.07

ls2p2 2D 0.17 ±0.02 0.07 ± 0.01 0.08 ± 0 . 0 1

ls2p22S 0.13 ±0.01 0 . 1 2  ± 0 . 0 1 0 . 1 0  ± 0 . 0 1

ls(2s3s 3S) 2S 0.36 ±0.03 0.28 ± 0 . 0 2 0.25 ±0.02

ls(2s3p 3P) 2P 2 . 1  ± 0 . 1 1.5 ±0.1 1.4 ±0.1

(ls2p 3P) 3s 2P 0.53 ±0.03 0.38 ±0.02 0.35 ±0.02

ls(2s4p 3P) 2P 0.73 ±0.04 0.50 ±0.03 0.47 ±0.02

(ls2p ’P) 3 d 2P 0.15 ±0.01 0 . 2 1  ± 0 . 0 2 0.17 ±0.01
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Configuration

Singly Differenlial Cross Section (x 10’20
•y

cm /sr)

Collision Energy (McV/u)

0.75 1 . 0 1.25 1.5 1.75 2 . 0

1s2s22S 1 . 2  ± 0 . 1 1 . 2  ± 0 . 1 0.90 ± .05 0.74 ± .04 0.54 ± 0.03 0.41 ±0.02

ls2s2p4P 0.52 ±0.05 0.42 ±0.04 0 . 2 2  ± 0 . 0 2 0.16 ± . 0 2 0.04 ±0.01 0.04 ± 0.01

ls(2s2p 3P) 2P 10.5 ±0.8 9.0 ±0.7 7.5 ± 0.6 6.2 ± 0.5 5.6 ±0.4 4.4 ± 0.3

ls(2s2p 'P) 2P 2.5 ± 0.2 2 . 0  ± 0 . 2 1 .1  ± 0 . 1 0.96 ± 0.07 0.88 ± 0.07 0.97 ± 0.07

ls2p2 2D 0.32 ± 0.02 0.27 ±0.01 0 . 2 0  0 . 0 1 0.13 ±0.01 0.08 ± 0 . 0 1 0.06 ± 0 . 0 1

ls2 p22S 0.34 ± 0.02 0 . 2 0  ± 0 . 0 2 0 . 1 1  ± 0 . 0 2 0.09 ± 0.01 0.06 ± 0 . 0 1 0.08 ± 0 . 0 1

ls(2s3s 3S) 2S 0 . 2 1  ± 0 . 0 2 0 . 2 0  ± 0 . 0 2 0 . 2 1  ± 0 . 0 2 0.16 ± 0 . 0 1 0.13 ±0.01 0.14 ±.014

ls(2s3p 3P) 2P 1.4 ±0.1 1 . 1  ± 0 . 1 0.99 ± 0.07 0.77 ± 0.06 0.64 ± 0.05 0.47 ± 0.04

Is2s3d 2D 0.32 ± .024 0.26 ± 0 . 0 2 0 . 2 2  ± 0 . 0 2 0 . 2 0  ± 0 . 0 2 0.13 ±0.01 0 . 1 2  ± 0 . 0 1

( I s2s 'S)31 0.37 ±0.02 0.14 ±0.01 0.15 ±0.01 0.17 ±0.01 0 . 1 0  ± 0 . 0 1 0.06 ± 0 . 0 1

Is2s4p 2P 0.75 ± 0.04 0.59 ±0.03 0.54 ±0.03 0.38 ±0.02 0.35 ±0.02 0.27 ±0.01

Is2s5p 2P 0.32 ± 0.02 0.16 ± 0 . 0 1 0.14 ±0.01 0 . 1 0  ± 0 . 0 1 0.05 ± 0.01 0.07 ± 0.01

Table 
4. 

M
easured 

Singly-D
ifFerential Cross 
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at 

180° 
in 

the 
Projectile 

Fram
e 

of 
Reference 

for 
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for 

Each 
of 

the 
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Figs. 11 
and 

15).



35
Table 5. Measured Singly-Differential Cross sections at 180° in the Projectile Frame
of Reference for the Single-K-Shell Excited States in 0s *  for Each o f the Collision
Energies Studied (see Figs. 12 and 16).

Singly Differential Cross Section (x 10' 20 cm2/sr)

Configuration
Collision Energy (MeV/u)

1.5 2

1s2s22S 0.66 ±0.05 0.36 ±0.07

Is2s2p 4P 0.75 ± 0.08 0.41 ± 0.09

ls(2s2p 3P) 2P 4.2 ± 0.3 2.4 ±0.4

ls(2s2p ’P) 2P 1.3 ±0.4 0.63 ±0.06

ls2p22D 0.17 ±0.09 0 . 0 2  ± 0 . 0 2

(Is2 s 3S) 3s 2S 0.13 ±0.08 0.09 ±0.05

ls(2s3p 3P) 2P 0.53 ± 0.03 0.31 ±0.05

ls(2s3p !P) 2P 0.24 ±0.04 0.13 ±0.04

Is2s4p 2P 0.40 ±0.05 0.21 ±0.05

Is2s5p 2P 0.16 ±0.07 0.10 ±0.04
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As mentioned before there is an overlap in the energy values for some o f the 

single- and double-K-shell excited states in B2", C3", and O5", while in the case o f Be" 

the two ranges were separate. Figs. 13-16 show the doubly-K-shell vacant states for 

Be", B2", C3" and 0 s" respectively, at the various measured collision velocities. 

Projectile frame cross sections and electron energies were again obtained from Eqs. 

II  and 12. The energy values for Auger electrons emitted from the decay o f the 

different hollow states observed in the measurements are listed in Table 6 . The 

values for these energies were obtaoined using Eq. 13 and other references (Lipsky et 

al., 1977, Rodbro et al., 1979, Chung and Bruch, 1983, Bruch et al., 1985, Bruch et 

al., 1987, Safronova and Bruch, 1998)

As seen from the spectra the hollow states in Be" ions are composed entirely 

o f 2121' and 2131' states and no three-electron hollow states were observed. Thus, 

double-K-shell vacancies are caused by K-shell ionization plus K-shell excitation. 

For B2" and C3" ions, both two-and three-electron states (2121', 2131', and 212r21") 

contribute to the double-K-shell vacancy production, which means that hollow states 

are produced by K-shell ionization phis excitation and by double-K-shell excitation. 

It is also noted that no 2131' hollow states were observed for C3" and O5" ions and that 

hollow state formation is much reduced in 0 s", a result which is attributed to the 

relative decrease o f the e-e interaction strength as the atomic number o f the Li-like 

ion changes. This will be discussed later.

The single differential cross sections for the hollow states formed in the 

present meaurements are listed in Tables 7-10 for each o f  the Li-like ions at the 

various collision energies. In the case o f the 2s3s 3S line there may be some 

contributions from the unresloved 2s3p lP lines. More will be said about this later.
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Table 6 . Auger Energies for Double- K-Shell Excited States in Be”, B2”, C3+ and O5* 
Li-like Ions. The formula given in Eq. 13 and other references cited in the text were 
used to identify these lines.

Initial State

Auger Energies (eV)

Li-Like Ion
Be” B2” c 3+ O5”

2 s2 !S 121.5 186.0 264.2 461.5

2s2p 3P 122.5 187.3 265.70 463.3

2p2 ,D 126.6 192.7 272.4 472.6

2s2p ‘P 127.3 193.6 273.5 474.1

2s2p2 2 S* - 2 0 1 . 8 292.5 -

2s2p2 2 P* - 204.7 284 -

2s2p2 2D* - 205.0 288 -

2s3s 3S 145.8 225.8 - -

2s3p 'P 146.2 226.3 - -

2s3p 3P 147.3 227.8 - -

* Note that these triply-excited states may decay to different final states.
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Table 7. Measured Singly-Differential Cross Sections at 180° in the Projectile Frame of Reference for 
the Observed Hollow States Produced in Be+ Ions for the Collision Energies Studied Here (see Fig. 13).

Configuration

Singly Differential Cross Section (x 10' 21 cm2/sr)

Collision Energy (MeV/u)

0.3 0.5 0 . 6 0 . 8 0.9 1 .1

2s2 'S 3.2 ± 0.2 2 . 1  ± 0 . 2 1 . 6  ± 0 . 1 1 . 0  ± 0 . 1 0.80 ±0.06 0.80 ±0.06

2s2p 3P 26 ± 2 . 0 19± 1.0 12.5 ±0.9 9.7 ± 0.7 8 . 2  ± 0 . 6 6.0 ±0.5

2 s2 p 'p 2 0  ± 2 . 0 10.9 ±0.8 6.5 ± 0.5 4.7± 0.4 3.8± 0.3 3.1 ±0.3

2p2 ,S 1 . 8  ± 0 . 2 1.5 ±0.1 1.4 ±0.1 1 .1  ± 0 . 1 0.90 ±0.09 0.70 ±0.08

2s3s 3S (+ 2s3p 'P) 8 ± 1 . 0 5.5 ± 0.5 4.0 ±0.4 2.9 ± 0.3 2.7 ±0.4 2.2 ± 0.5

2s3p 3P 3.7 ±0.5 2.7± 0.4 2.5 ± 0.4 1.9 ±0.5 1.3 ±0.3 1.2 ±0.4

6
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Table 8. Measured Singly-Differential Cross Sections at 180° in the Projectile Frame
of Reference for the Hollow States Produced in B2+ Ions for the Collision Energies
Studied Here (see Fig. 14).

Singly Differential Cross Section (x 10' 21 cm2/sr)
Configuration Collision Energy (MeV/u)

1 1.5 1.9

2s2 lS 0.50 ±0.04 0.40 ±0.03 0.30 ±0.03

2s2p 3P 3.1 ±0.2 2.3 ±0.2 1.9 ±0.2

2s2p lP 4.2 ±0 .2 3.2 ±0.2 2.5 ±0.2

2s2p2 2S 2 . 0  ± 0 . 2 1 . 1  ± 0 . 1 1 . 0  ± 0 . 1

2s2p22P 1.3 ±0.1 0.70 ±0.06 0.60 ±0.05

2s2p22D 2.4 ±0.1 1 . 8  ± 0 . 1 1 . 6  ± 0 . 1

2s3s 3S+ (2s3p lP) 0.50 ± 0.06 0.45 ±0.04 0.40 ±0.04

2s3p 3P 0.40 ±0.06 0.30 ±0.05 0.20 ± 0.03
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Table 9. Measured Singly-Differential Cross Sections at 180° in the Projectile Frame of Reference for
the Observed Hollow States Produced in C3f Ions for the Collision Energies Studied Here (see Fig. 15).

Singly Differential Cross Section (x 10' 21 cm2/sr)

Configuration Collision Energy (MeV/u)

0.75 1 1.25 1.5 1.75 2

2s2 'S 0.74 ± 0.08 0.48 ± 0.07 0.33 ± 0.05 0.24 ± 0.05 0.21 ±0.04 0.17 ±0.04

2s2p 3P 3.4 ± 0.7 2.3± 0.4 1.4 ±0.3 0.89 ±0.07 0.75 ± 0.06 0.58 ± 0.05

2s2p 'P 4.5 ± 0.8 3.0 ± 0.6 2.1 ±0.5 1.5 ±0.5 1.3 ±0.4 0.99 ± 0.3

2s2p22P 6.5 ± 0.5 5.2 ± 0.4 3.9 ± 0.6 3.2 ±0.5 2.6 ± 0.4 2.2 ± 0.5

Table 10. Measured Singly-Differential Cross Sections at 180° in the Projectile Frame of Reference for 
the Observed Hollow States Produced in 0 5+ Ions for the Collision Energies Studied Here (see Fig. 16).

Singly Differential Cross Section (x 10' 21 cm2/sr)

Configuration Collision Energy (MeV/u)

1.5 2

2s2 'S 0.14 ±0.05 0.08 ±0.03

2s2p 3P 0.97 ±0.05 0.30 ±0.04

2s2p 'P 0.79 ±0.05 0.32 ±0.04



RESULTS AND DISCUSSION

In the present study the measurements were conducted at intermediate-to-high 

collision velocities, where perturbative models are expected to be valid. In this case, 

the plane-wave Bom approximation can be used to calculate the cross sections for the 

single-K-shell excited states in the Li-like ions by impact of the helium nucleus (see 

chapter 2). Determination of the mechanisms responsible for double-K-shell 

vacancies is used to understand the role of electron correlation and its variation in the 

different Li-like systems studied here.

In the following discussion, Erst a comparison between the measured cross 

sections for the single-K-shell excited states and the PWBA calculations is presented. 

Then, the collision velocity dependence of the hollow states is used to categorize the 

mechanisms responsible for double-K-shell vacancy production in terms of TS2 and 

TSl processes. Information about the e-e interactions is also obtained from the 

spectral features of the hollow states and compared with theoretical predictions of 

shake dynamics.

Single-K-Shell Vacancies

In ion-atom collisions, the target atom may be excited to a discrete state that is 

specified by its orbital momentum L and excitation cross section <JL. The angular

distribution of Auger electrons that are emitted from the decay o f these excited states 

is given by (Y. Kim, 1983):

(w )
Uli

45
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where M is the magnetic quantum number and (Q) are the spherical harmonics. 

Given that YL _U (Q) = (- !)*  YLM (Q ), Eq (14) can be written as:

■̂=<7„|y„(n)|:+22;^|n„(n)f (is)
ail  i

Then for an L=1 state, the differential cross section can be written as :

|i;„f'+2oil|j'u f  (16)

and tor 1=0, 4 ^7 = 0 7)
a i l

where X*, = —i= - ,  Y,n = , / —  cos8  , X. = J — s w 0 ,  and 0 is the electron emission 
yfA x \  8*

angle.

In the present measurements, Auger electrons were detected only at 0°, and, hence, 

only the first term in Eq (16) contributes. Then, the differential cross section for 

producing the Is2s2p 2P state, i.e., ls-+2p excitation, at 0° is given by:

* £ l  = ̂ c o s^  (18)
d& Arc

and for Is—»2s excitation producing the ls2s2 2S state:

^ 0  _  ^ 0 0  

d n  4tt

Using a PWBA code written by Salin (private communication), <r10 and 

<rM were evaluated for proton impact and scaled using Zp = 2 for the helium nuclear 

charge (Briggs and Macek, 1973, E. J. McGuire 1982, Itoh e t  al., 1985, Lee et al.,
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1992). Eqs. 18 and 19 were then used to compare the measured single-K-shell 

excitation cross sections with the calculated ones. Figs. 17 and 18 show the measured 

and calculated K-shell excitation cross sections for the Is2s2p 2P (Is—»2p) and ls2s2 

2S (Is—+2s) states in Be+, B2", and C3+ ions, respectively, as functions of the collision 

velocity v. In the case of the measured values, the cross sections for ls(2s2p 3P) 2P 

and ls(2s2p !P) 2P have been added in order to compare with theory. The measured 

cross sections for the Is2s2p 2P state vary with the predicted (l/v2)ln(v) dependence 

of the Bom approximation for these allowed (dipole) transitions, while for ls2s2 2S 

the cross sections vary as 1/v2, also as predicted by the Bom approximation for these 

forbidden (monopie) transitions, (Y. Kim and M. Inokuti 1970, M. Inokuti 1971). 

The good agreement between the measured cross sections and the Bom calculations 

indicates that perturbation theory is valid over the velcoity range of the collision 

systems studied here. Furthermore, the agreement obtained between the measured 

and the calculated cross sections shows the validity of the “needle” approximation 

(Stolterfoht, 1974, Stolterfoht, 1987) in interpreting the single-K-shell excitation 

processes in the systems studied (see introduction).

Moreover, it is seen from the relative values of the differential cross sections 

for the Is2s2p 2P and ls2s2 2S states that dipole transitions (A L = 1) are clearly 

dominant (by about a factor of ten) when single-K-shell excitation is produced by the 

n-e interaction. This result will be used to help interpret the relatively large 

contributions of the observed hollow S states since monopole transitions ( AL = 0) are 

much less likely to occur by n-e interactions.
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Double-K-Shell Vacancies

To investigate the effect of the e-e interaction in producing hollow states, the

absolute differential cross sections of the observed hollow states were examined as

functions of the collision velocity. In the TS1 mechanism, where the hollow state is

the result o f a single encounter with the projectile nucleus, the cross section can be 

written as = const *<Tl-ri[_rr. . . and so the cross section varies as (1/v2) ln(v) (see

Eq. 7. B). On the other hand, if the hollow state is produced by TS2 (J. H. McGuire 

1982, Manson and McGuire 1995) the cross section is expected to have a velocity 

dependence proportional to 1/v4 (Eq. 7. A) as discussed in chapter 2.

S States:

To explain the significant intensities observed for the hollow S states, which 

are considerably less likely to result from n-e interactions (see Figs. 17 and 18), the 

absolute differential cross sections for these states were plotted as functions o f  the 

collision velocity and compared with the predictions o f TS1 and TS2.

For the 2s3s 3S line in Be+ and B2+ (see Figs. 13 and 14), it is noted that the 

difference in energy from the 2s3p 'P line is only ~ 0.5 eV, which made it impossible 

to resolve these lines, hi order to determine the dominant contribution to  the 

observed peak, the cross section ratio of (2s2s 3S + 2s3p lP) to 2s2p lP was plotted as 

a function o f the collision velocity as shown in Fig. 19. Based on the fact that 2s3p *P 

and 2s2p 'P are likely to be formed by the same mechanism, and thus have the same 

velocity dependence, the ratio(2s3siS + ls 3 p lP )/2s2p 'P  is expected to be nearly

constant if 2s3p lP is the dominant contribution to the observed peak. Furthermore, 

this ratio should be similar to the ratio Is2s3p /ls2s2p , where both Is2s3p and
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Is2s2p are formed by the same mechanism and have the same energy dependence. 

On the other hand, if 2s3s 3S is the dominant contribution to the observed peak, then 

the (2s3s3S+ 2s3plP) 12s2plP ratio is not expected to be constant as a function of

the collision velocity since the mechanism and the velocity dependence for forming 

2s3s 3S are likely different from those for forming 2s2p lP.

Fig. 19 shows the ratios (2s3siS + 2s3plP )/2 s2 p lPand \s2s3p I\s2s2p  as

functions of the collision velocity in Be” and B2” ions. As seen in the graph the 

ratio(2s3siS + 2s3p 'P )/2s2pxP exhibits an increasing behavior (more strongly in

Be”) as the collision velocity increases indicating that the dominant contribution to 

the observed peak is 2s3s 3S, whereas \s2s3p I \s2s2p  exhibits a constant behavior as

expected. The increasing behavior of the former ratio can be interpreted as the 

contribution of shake to the formation of 2s3s 3S, for which the cross section is 

independent of collision velocity, while the contribution to 2s2p lP due to the n-e 

interaction (e-e interactions of the dielectronic type can also contributes to 2s2p lP, as 

will be explained below) is expected to decrease with increasing collision velocity.

The absolute differential cross sections for 2s2 !S and 2s3s 3S in Be” and B2” 

and for 2s2 lS in C3” are shown as functions of the collision velocity in Figs. 20 and 

21, respectively. To exhibit the velocity dependence of the cross sections, the 

functions (1/v2) ln(v) and 1/v4 are also plotted in these graphs. As seen in the figures 

the measured cross sections of the hollow lines deviate from the 1/v4 dependence, 

which characterizes TS2 transitions, and tend towards a velocity dependence o f  the 

form (1/v2) ln(v) at the higher energies. This latter behavior of the cross sections 

indicates that TS1 is the responsible mechanism in the high velocity range.
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to the (2s2s 3S + 2s3p ‘P) line is 2s3s 3S (see text).
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Fig. 20. Differential Cross Sections for 2s2 ’S and 2s3s 3S in Be+ and B2+ Ions. The 
symbols represent the measured cross sections, and the curves represent (1/v2) ln(v) 
and 1/v4. The plots show the deviation from the 1/v4 dependence (TS2 transition) and 
indicate the dominant contribution o f TS1 in the high velocity region.
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Fig. 21. Differential Cross Sections for 2s2 'S in C3+ Ions. The symbols represent the 
measured cross sections, and the curves represent (1/v2) ln(v) and 1/v4. The plots 
show the deviation from the 1/v4 dependence (TS2 transition) and indicate the 
dominant contribution of TS1 in the high velocity region.
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For the 2s2 'S state, the behavior of the cross sections signifies the increasing 

importance of the e-e interaction in forming this state as the collision velocity 

increases. For S-states both types of electron correlation (“dielectronic” and 

“shake”) may play a role in forming these states. For shake, initial K-shell ionization 

of the Li-like ion by the n-e interaction can be followed by a final state rearrangement 

due to the sudden change of the electronic screening in the residual two-electron 

system after the first electron is removed. This rearrangement can result in excitation 

of the second electron from the Is to the 2s shell thereby producing the hollow state 

2s2 lS. According to Eq. 8 the probability for forming 2s2 :S by shake is given by.

P (2s2 lS) -  \(2s2 ‘s|l5„2*Dls)|a (20)

where the “frozen” 1so2s0 !S configuration of the initial Li-like ion is considered to be 

the initial state of this transition, and the ls0 electron goes to 2s and the 2s0 electron 

remains in the 2s orbital of the residual He-like ion. Thus, there is only one pathway 

for this transition, which is denoted as direct (Tanis et al., 1999, Tanis et al., 2000).

Using a Hartree-Fock code (Gorczyca, 2002), the Slater determinants for 

2s2 lS and 1so2s0 *S were computed and the shake probabilities P (2s2 lS) were found 

for each of the Li-like ions studied. Table 11 lists the shake probabilities P (2s2 1S) for 

Be+, B2~, C3* and 0 5+ ions. The table shows the decrease of P (2s2 !S) as the atomic 

number of the Li-like ion increases, which is consistent with the relative decrease of 

the cross section for the measured 2s2 !S hollow state when the atomic number 

changes as seen in Tables 7-10. This change in the e-e effects can also be understood 

by noting that the relative strength of the e-e interaction term in the Hamiltonian 

(Eq. 1) becomes smaller as the atomic number of the target increases.

Also, the probability of forming 2s3s 3S after the first electron is ejected is
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evaluated from Eq. 8 as follows:

P (2s3s 3S) =3*|(253s35|1s02j0 3s ) f  (21)

where the “frozen” initial 1so2s0 state of the Li-like ion must be a triplet in order to 

conserve the spin in such a transition, and the factor 3 is introduced for the statistical 

weight of the 3S. Eq. 21 can be expanded as:

P (2s3s 3S) = 3 * | ( 2 J |1 5 0 ) * ( 3 s | 2 j 0) - ( 3 j |1 5 #) * ( 2 j | 2 j b>|2

=3*( |(3j 11̂ „) * (2^ 12s0 )|2+ |(2j | Ls0) * <3r 12 )|2 -

2 * ( 3 j |1 5 0 > * ( 2 5 |2 j . ) * ( 2 ^ | 1 5 0 ) * ( 3 j | 2 j 0) )

(22)

So, for 2s3s 3S there are two different pathways for the transition to occur (Tanis et 

al., 1999, Tanis et al., 2000). The first one is a direct transition, i.e., ls0—1"3s 

represented by the first term in Eq. 22. The second path is an exchange transition in 

which the ls0 electron is transferred to the 2s level and simultaneously the 2s0 

electron transfers to the 3s level, as represented by the second term of Eq. 22. For 

both the direct and exchange transitions the final state is the same, so the amplitudes 

add coherently leading to interference between the two paths as indicated by the third 

term in Eq. 22, which can enhance the total probability for shake to the 2s3s 3S state. 

Using a Hartree-Fock code (Gorczyca, 2002) the direct, exchange and interference 

probabilities were calculated and are listed in Table. 11. For Be"’ ions, the value of P 

(2s3s 3S) exceeding that for P (2s2 lS) is explained by considering the two paths 

responsible for forming the 2s3s 3S state (direct and exchange) and the interference 

between them, which plays an important role as can be seen from the values in Table
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11. On the other hand, for 2s2 ‘S there is only one way to form this state as seen from 

in Eq. 20.

Fig. 22 shows the ratios of 2s3s 3S to 2s2 'S in Be+ and B2+ ions, respectively, 

as functions of the collision velocity. As seen in the graph the ratio exhibits a 

constant behavior in both ions indicating that both states are produced due to the 

same e-e interaction processes, and the magnitude of this ratio decreases as the 

atomic number increases.

The shake calculations are generally consistent with the measured relative 

cross sections for the 2s2 [S and 2s3s 3S states, where the cross section for 2s3s 3S is 

-2.5 times larger than the 2s2 'S cross section in Be* (see Fig. 22). It is noted, 

however, that the dielectronic manifestation of the e-e interaction may also form the 

2s3s 3S and is not included in the shake probability, and this dielectronic contribution 

may be more important in Be* than in B2+. These results for Be* ions show good 

agreement with what has been recently observed for a Li target when bombarded by 

high-velocity Arl8+ and Kr34* ions, where the ratio of 2s3s 3S to 2s2 'S was ~ 2 (Tanis 

et al., 2000, Tanis et al., 1999, J. Rangama, 2001). For B2+ ions, the measured cross 

section of the 2s3s 3S state is almost equal to that of the 2s2 *S state (see Fig. 22), 

which also agrees with calculated shake values of P (2s3s 3S) relative to P (2s2 !S). It 

is seen, however, that the shake transition probabilities decrease significantly 

compared to those for Be* ions, hence, reducing the total probability for shake to the 

2s3s 3S state.
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Table 11. Shake Probabilities P (2s2 lS) and P (2s3s 3S) for Li, Be+, B2+, C3+, and 0 5+ 
Ions.

Li-Like
Ion |<2s5,S |ls02s0,S)|3 |(2s3s3S |ls02s03S)f

Direct Exchange Interference Total

Li 0.0081 0.0005 0.0090 0.0042 0.0140
Be” 0.0059 0.0010 0.0030 0.0033 0.0073
B2" 0.0043 0.0008 0.0011 0.0018 0.0037
C3” 0.0031 0.0006 0.0005 0.0011 0.0022
O5” 0.0018 0.0004 0.0001 0.0005 0.0010

0
1

2 -

96 7 83 54
Collision Velocity (au.)

Fig. 22. Cross Section Ratio of 2s3s 3S to 2s2 'S in Be+ and B2* Ions as Functions of 
the Collision Velocity. The ratio exhibits a constant behavior in both ions and is 
significantly smaller for B2+ ions.
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P States:

Considering the observed hollow P states, these states can be formed by TS2,

i.e., two separate two n-e interactions (Is —* ep  and Is —► 2p or 3p), or they can be

formed by TS1, i.e., an n-e interaction followed by an e-e interaction. In the latter 

case, the e-e interaction must be of the dielectronic type, since for shake the angular 

momentum is conserved and no P state can be formed, ha the dielectronic process the 

ionized ep  electron, on its way out of the Li-like ion, interacts with the remaining Is

electron exciting it to the 2p or 3p level giving up its I=1 unit of angular momentum 

and forming the hollow state 2snp UP. hi addition to the TS2 and TS1 contributions 

to the P states, these hollow states can be formed by the interference between these 

processes.

To determine the mechanism responsible for producing these states, the cross 

sections for 2s2p lP, 2s2p 3P and 2s3p 3P (in Be+ and B2+) and for 2s2p ]P, 2s2p 3P 

and 2s2p2 2P (in C3+) are plotted as functions of the collision velocity in Fig. 23 and 

24, respectively. To exhibit the velocity dependence of these cross sections the 

functions (1/v2) ln(v) and 1/v4, which characterize TS1 and TS2 transitions, 

respectively, are also plotted. As seen in the graphs, in the higher velocity range the 

cross sections for these hollow states appear to vary as (1/v2) ln(v), while for lower 

velocities, these cross sections tend to have a stronger dependence. Thus, in the 

higher velocity range the mechanism responsible for producing these hollow states is 

attributed to TS1, as given by Eq (7. B), while in the lower velocity range a larger 

contribution from TS2 is present, which is exhibited by the steeper dependence of 

these cross sections on the collision velocity.

For the 2s3p 3P state, which is only observed in Be'1’ and B2+ ions, in addition 

to the evidence for e-e effects exhibited by its velocity dependence, the strong
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decrease of the magnitude of the cross section with increasing Z, demonstrates the 

variation in the strength of the e-e effects as the atomic number increases. This latter 

result can be understood from Eq. 1, where the e-e interaction term gets less 

significant as the target atomic number Z t increases.
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Fig. 23. Differential Cross Sections for 2s2p 3P, 2s2p lP and 2s3p 3P in Be+ and B2+ 
Ions. The symbols represent the measured cross sections, and the curves represent 
(1/v2) ln(v) and 1/v4. The plots show the deviation from the 1/v4 dependence (TS2 
transition) and indicate the dominant contribution of TS1 in the high velocity region.
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Fig. 24. Differential Cross Sections for 2s2p 3P, 2s2p !P and 2s2p2 2P in C3̂  Ions. 
The symbols represent the measured cross sections, and the curves represent 
(1/v2) ln(v) and 1/v4. The plots show the deviation from the 1/v4 dependence (TS2 
transition) and indi cate the dominant contribution of TS1 in the high velocity region.
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CONCLUDING REMARKS

Single and double-K-shell vacancies produced in Be+, B2t, C3~, and O5* Li- 

like ions have been investigated using Auger projectile spectroscopy. The spectra 

were recorded in high-resolution and the measurements were conducted for several 

collision energies, so that the energy dependence of the cross sections for different 

excited states could be used to investigate the mechanisms responsible for their 

formation. Different Li-like ions were used to investigate the relative variation of 

electron correlation effects as the atomic number changes.

The cross sections measured for the single-K-shell excited states, which are 

produced by n-e interactions, showed that they are dominated by dipole transitions,

i.e., transitions from S to P states. For the Li-like isoelectronic sequence studied in 

this work, the measured cross sections for the single-K-shell excited states exhibit a 

velocity dependence that is in excellent agreement with Bom approximation 

calculations. Formation of the ls2s2 2S and Is2s2p 2P states by K-shell excitation 

varies as 1/v2 and (1/v2) In (v), respectively, as expected for allowed and forbidden 

transitions. The agreement obtained between the measured cross sections and the 

Bom calculations allows one to interpret the results observed for double-K-shell 

vacancies by means of perturbation theory.

The cross sections for double-K-shell vacancy states for the systems studied 

give evidence for electron-electron interaction contributions to the formation o f  the 

measured hollow states. This result was inferred from the velocity dependences of 

the cross sections, which exhibit a behavior consistent with a TS1 mechanism in the 

formation of the hollow states, especially at the higher collision velocities.

63
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Double-K-shell vacancy configurations attributed to e-e interactions were 

analyzed in terms of shake and dielectronic dynamics. The measured 2s2 [S and 2s3s 

3S states were consistent with predicted shake calculations, i.e., the overlap integrals 

between the initial-and final-state configurations. The significant intensities observed 

for the 2s3s 3S state in Be+ and B2+ ions were interpreted by means of shake 

transitions that involve direct and exchange processes. The shake calculations show 

that the probabilities for these processes depend strongly on the atomic number o f the 

Li-like ion, which explains the significant reduction in the formation of this state for 

the ions investigated as the atomic number increases.

The velocity dependence of the cross sections for the measured hollow P 

states indicates that they are largely formed by the dielectronic e-e process following 

slow emission of the first K-shell electron, with an additional contribution from n-e 

interactions. The decrease in the measured cross sections for the 2s3p UP states with 

increasing Z gives evidence for variation in the electron correlation strength as the 

atomic number increases.
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