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Research in atomic physics at the Lawr<o-2 Bsi'.rley Laboratory Super-
HILAC and Bevalac accelerators on multiple-eiectren (socesses in tast ion-atom
collisions is described. Experiments have studied various aspscts of the charge-
transfer, ionization, and excitaion processes. Examples of processes in which
electron correlation plays a role are resonant transfer and excitation and Auger-
electron emission. Processes in which electron behavior can generally be
described as uncorrelated include ionization and charge transfer in high-energy
ion-atom collisions. A variety of experiments and results for energies from 1
MeV/u to 420 MeV/u are presented.
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I. Introduction

Charge transfer, ionization, and excitation are fundamental processes in fast
ion-atom collisions. Each of these processes can occur alone in a single collision, or
more than one process can take place in a single collision. When more than one
electron is involved, electron correlation, due to an electron-electron interaction,
can be important, as in resonant transfer and excitation (RTE) or in Auger-electron
emission. When electron correlation is not important, the process can be described
by an independent electron model, as is generally the case, for high-energy ion-
atom collisions, in continuum-electron emission, multiple-electron capture in close
collisions, and recoil-ion production. %

All of these processes have been studied at the Lawrence Berkeley Labora-
tory, using fast ion beams from the SuperHILAC and Bevalac accelerators. The
topics discussed in this paper are charge transfer, recoil-ion production, contin-
uum-electron production, multiple-electron capture in close collisions. the radia-
tive Auger effect, and RTE. Discussion of RTE includes observation by particle-x-
ray coincidence for excitation of the K and L shells of the projectile, and by non-
coincident electron capture. This paper mentions the work of over 40 atomic
physicists from LBL and many other institutions who have worked at the Super-
HILAC and Bevalac accelerators in recent years; the references contain a more
complete discussion of apparatus, methods, and results.

2.  Charge Transfer

Cross sections for electron capture and electron loss have been measured for
a wide variety of multiply charged ions for energies from 0.3 to 8.5 MeV/u at the
SuperHILAC, and energy and charge-state dependences have been determined [1-
3]. An example is shown in Figs. 1 and 2, in which the cross sections for electron
caglt:re and electron loss are shown as a function of energy for 23V2+ on He and as
a function of projectile charge state for 8.55 MeV/u vanadium ions in He. Figure 1
shows energy dependence of electron-capture and electron-loss cross sections for
V2+in He. The figure shows the broad maximum expected for electron loss near
the maximum of the cross section; it also shows the steep decrease in electron
capture with increasing projectile energy. The electron-capture data shown have an
energy dependence of approximately E~-2 for the higher energies. Bom-approxi-
mation calculations .’pnedict an elcctron-c?mre energy dependence which should
reach a limit of E-5 (second Born) or E-6 (first Born) at asymptotically high ener-
gies. Figure 2 shows the charge-state dependence of electron-capture and electron-
loss cross sections for 8.55 MeV/u 23Ve*in He. Clearly seen is the shell effect in
electron loss: the cross section decreases by a large factor for removal of a projec-
tile K electron. This discontinuity for electron loss between q = 20 and q =21
marks the boundary between the vanadium L and K shells. Electrons in the K shell
of vanadium are bound by about 6.5 keV, while those in the L shell are bound by

Version 1.5 13 April 89 3



less than 1.6 keV. The L-shell electron-loss cross section is found to scale as q-12,
while the K-shell electron-loss cross section scales as q-14. The electron-capture
cross sections scale as q-3-8, midway between the OBK scaling for intermediate
velocities of g3 and the second-Bom-approximation high-energy prediction of g5.
Early charge-transfer results have been summarized [4] and a scaling rule for elec-
tron capture has been determined [S]. This scaling rule is useful for predicting the
magnitude of as-yet unmeasured cross sections. Projectile electron loss and excita-
tion have also been reported [6]. Similar measurements at much higher energies
have been made by Gould and co-workers [7] at the Bevalac.

3. Ionization; Recoil-Ion Production

Multiple ionization of rare-gas atoms by highly charged uranium ions has
been studied at the Bevalac [8,9]. Two experiments have been performed to mea-
sure the recoil-ion charge-state distribution by a coincidence time-of-flight method.
Cross sections for multiple ionization of Ne, Ar, Kr, and I atoms by 420 MeV/u
Un+ (n~91) were measured; recoil-ion charge states up to approximately 0.5 times
the target atomic number were identified. Figure 3 shows the measured ionization
cross sections as a function of recoil-ion charge state. The cross sections are large,
e.g., greater than 10-18 cm? for producing Kr recoil ions in charge states around
20+. Error bars on q arise from uncertainty in the time calibration. Results are
shown in Fig. 3. Similar measurements were made in Ne, Ar, and Kr targets for
120 MeVAu projectiles, shown in Fig. 4. These measurements have allowed
comparison of ionization cross sections for uranium-ion impact on rare-gas targets
over the energy range 1.4 to 420 MeV/n. The data are nicely described by n-body
CTMC calculations. The calculations indicate the importance of accounting for
Auger events in describing the multiple-ionization process.

4.  Continuum-electron production

Electron-emission cross sections differential in angle and electron energy
have been measured for 6 MeV/u U38+ and Th38+ on He and Ar targets [10]. The
apparatus is shown in Fig. 5. Figure 6 shows doubly differential cross sections for
6-MeV/u U38+ in Ar for a forward angle (30°) and a background angle (150°),
along with a Plane Wave Approximation (PWBA) calculation. The electron emis-
sion shows an enhancement at forward angles and a decrease at backward angles
relative to scaled cross sections based on the Born approximation, arising from the
two-center nature of the collision. Also seen in the figure is a feature due to Ar L.-
Auger-electron emission. Results are also compared with CTMC calculations in
Ref. 10. Future experiments are planned, in which electron emission in coincidence
with projectile charge transfer will be studied.
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5. Resonant transfer and excitation (RTE)

Resonant transfer and excitation (RTE) is a well-established example of
electron correlation in ion-atom collisions. Electron correlation arises from the
electron-electron interaction, and is observed only in certain cases in atomic
physics, e.g., Auger-electron emission. In fact, RTE, in which one electron is cap-
tured from a target atom by a highly charged projectile ion while another electron
in the projectile is simultaneously excited, is the ion-atom analogue of dielectronic
recombination, which is the formation of an excited intermediate state via an
inverse Auger transition. RTE is resonant when the projectile velocity is such that
the energy of a target electron in the rest frame of the projectile is equal to one of
the Auger electron snergies. Many interuediate excited states are possible, each
one corresponding to an allowed Auger transition. The intermediate excited state
produced in the RTE process can stabilize by x-ray emission, in which case its sig-
nature is detection of an x-ray in coincidence with a projectile which has captured
an electron. The intermediate excited state can also stabilize by Auger-electron
emission.

Resonant transfer arid excitation involving excitation of a K-shell electron
has been measured by x-ray-particle coincidence techniques [11-12). An example is
shown in Fig. 7, for Ca%* ions (q=10-19) in Hp, i.¢., in charge states from neon-like
to hydrogen-like. The structure with energy is explained by two groups of inter- -
mediate excited states. These measurements have been extended to excitation of an
L-shell electron for heavier projectiles [13]; Fig. 8 shows L-shell RTE measure-
ments for Nb31+ in H,. Cross sactions for L-shell RTE are found to be about a
factor of ten larger than those found for RTE involving the K shell, and to consti-
tute as much as half of the total Loz x-ray production. Overall agreement with
theory is rcasonable.

The first observation of non-monotonic behavior in the energy dependence
of an electron-capture cross section for a high-energy ion-atom collision was
reported in Ref. 14. Structure in the energy dependence of high-energy electron
capture was found to be attributable to RTE, as measured in a singles (non-coinci-
dent) experiment [14]). This result is shown in Fig. 9, for Cal7+ + Hj. For
comparison, the same cross section for Cal7+ + He, in which RTE is smaller, is
shown in Fig. 10. The ratio of the cross section for RTE relative to that for normal
electron capture is expected to be greater at higher projectile velocities. Recent
measurements [15] have looked for RTE in a single-electron capture measurement
for Us%+ on C at energies from 130-160 MeV/u at the LBL Bevalac accelerator.
Results are presently being analyzed.
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6.  Multiple electron capture in close collisions.

Close collisions between an energetic projectile ion and a target atom can be
selected by detection of a projectile or target K x-ray: .the K x ray is evidence thata
K-shell vacancy was produced in a collision at small impact parameter. If one
selects a projectile with an empty or nearly empty L shell and having a velocity
similar to that of electrons in the target L shell, as is the case for 47-MeV Cal7+in
an Ar target [16,17], the cross sections for capturing several electrons are found to
exceed that for the capture of only one electron. This result is shown in Fig.11.
The corresponding electron-capture charge-state distribution can be fit with a
binomial distribution, as is shown in Fig. 12, giving an electron-capture probability
of nearly 0.5. The agreement of the data with a binomial distribution is consistent
with independent electron capture, and suggests an absence of electron correlation
in the multiple-electron-capture process. Total electron-capture cross sections, in
which close collisions are not selected, are found to be much larger than the x-ray
coincidence cross sections, and to decrease monotonically with increasing number
of electrons captured (Fig. 13).

Multiple-electron capture in close collisions of highly charged Ca ions has
been studied for a variety of conditions. Increasing the Ca-ion velocity is found to
lead to a decrease in the eleciron-capture probability, as would be expected: the
projectile is fast relative to the velocity of electrons in the L shell of the target atom.
Another experiment [18] was to vary the number of vacancies in the L shell of the
Ca projectile from none (neon-like Cal0+) to seven (lithium-like Cal?+)- The
electron-capture probability is found to be a linear function of the number of initial
vacancies in the projectile L shell. This suggests direct transfer of electrons from
the L and M shells of the target to the L shell of the projectile.

Experimental K-K vacancy-sharing probabilities can be calculated from the
observed cross sections for electron capture in coincidence with a Ca or ArK x-
ray, corrected by neutral-atom fluorescence yields. For capture of up to 4 elec-
trons, this vacancy-sharing probability is found to be independent of the number of
electrons captured (Fig. 14), and is in good agreement with the theoretical value
calculated from the relation given by Meyerhof and obtained using neutral-atom K
binding energies This independence is evidence that the mechanism producing the
K vacancies can be considered as separate from the L-shell electron-capture
process.
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7.  Radiative Auger emission

An unusual decay mode for an ion with an inner-shell vacancy is the radiative
Auger effect (RAE), in which filling of an inner-shell vacancy is accompanied by
the simultaneous emission of a photon and an electron. Measurements have been
made [20] of projectile x-ray spectra coincident with single-electron loss in colli-
sions of 3.5-9.0-MeV/u Va+(q=19,20,21) ions with He targets under single-collision
conditions. Non-monoenergetic x-rays observed in the coincidence spectra for
V20+ (lithium-like) projectiles are attributed to RAE. Results are shown in Fig, 15.
The intensity of RAF. photons relative to the characteristic K x-ray yield is more
than an order of magnitude larger than expected from theoretical calculations and
from earlier measurements for atomic targets. However, the calculations and pre-
vious experiments involved ions with relatively few electron vacancies. The large
relative enhancement of the RAE rate for lithium-like V20+ is most prcbably due to
the small number of electrons on these ions.
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. §

Fig. 6

Fig. 7

Fig. 8

The energy dependence of the single-clectron-loss cross sections, ¢ Og.q+1 ()}
and single-electron-capture cross sections, G, l(O), for V20+ jons incident

on He.

Single-electron-loss cross sections, G q+l (m), and single-¢lectron-
capture cross sections, G 1(.), for 8.55 MeV/u Va+ ions incident on He.

Measured cross sections 6(q) for the production of recoil ions by 420
MeV/u Ur+ impact (n=91) verses recoil-ion charge state, q. The targets
were: A, I; O,Kr; O, Ar; and 9, Ne.

Comparison of measured recoil-ion-production cross sections 6(q) with
nCTMC calculations: O, experiment; ~, calculations with autoionization
included; -, calculations with autoionization not included.

Experimental arrangement for electron spectroscopy at the LBL
SuperHILAC accelerator.

Doubly differential cross section for electron emission in collisions of 6-
MeV/u U38+ in Ar. The dashed line shows the Plane-Wave Bom
Approximation calculation. Results are shown at forward (30°) and
backward (150°) angles.

Cross sections for projectile K x rays coincident with single-electron capture,

K p for collisions of Cad* ions with H, (q=10, 11, 12, 16, 17, 18, and 19).

The solid curves are drawn to guide the eye. Note the scale change for the
Cal0.11,12+ data.

Cross sections for the total projectile L-x-ray production, OLap. and for tlie
production of L x-rays coincident with single-electron capture, o K ﬁ

collisions of neon-like Nb31+ with H. The vertical bars along the energy
axis give the theoretical positions and relative intensities of the strongest
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Auger transitions involving 2p excitations. The intermediate excited-state
configurations of the two active electrons involved in the RTE process are
indicated. The solid line is the predicted RTE cross section, GRTE, based on
the theoretical DR cross section calculations of Hahn et al. (1987).

Fig. 9 Cross sections for Cal?+ in Ha. Filled circles are the cross sections for
single-electron capture, S, g-1} open circles are the cross sections for

single-electron capture coincident with K-x-ray emission, 0?5;5 The solid
line is drawn to guide the eye, The dashed line shows an g42 energy
dependence normalized to the point at 150 MeV,

Fig. 10 Single-electron-capture cross section 9 q q.1 for Ca'™in He. Thelineisa

fit to the function °q.q-1-ooE'4'2, passing through the point at 141 MeV.

Fig. 11 Cross sections for electron capture in coincidence with Ar or Ca K x-ray

for 47-MeV Ca'™* in Ar, as a function of the number of L- and M-shell

electrons captured. The upper scale shows the projectile final charge state .

for coincidence with a Ca K x-rays. The Ar K x-ray coincidence data have

been shifted one charge state to the left to account for the promotion of an

Ar K electron to the Ca L shell for the case of emission of an Ar K x-ray.
Fig. 12 Relative electron-capture probabilities for 47-MeV Cal™ in Arasa
function of the number of L- and M-shell electrons transferred, for
coincidence with a Ca K or Ar K x-ray. The distribution for coincidence
with an Ar K X-ray has been shifted to the left by one charge state. Solid
bars show the experimental results; shaded bars show the binomial
distribution for an electron-capture probability of 0.47 (assuming seven
electrons can be captured).

Fig. 13 Electron-capture cross sections for 47-MeV Ca!™*in Ar, as a function of
the final charge state of the projectile and of the number of electrons
captured. Lower curve shows electron capture for a close collision, i.e.,
coincident with an Ar or Ca K x-ray; the upper curve shows total (non-
coincident) electron capture.
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Fig. 14 K-K vacancy-sharing probabilities as a function of the number of L- and
M-shell electrons captured, for close collisions of 47-MeV Ca!”* in Ar.
Experimental data and the theoretical value [19] are shown.

Fig. 15 Energy dependences of the cross sections for projectile K x-ray emission
with no charge change, Olzcogﬂ (@) (left scale) and for RAE x-rays,

SR g (right scale) in collisions of V20+ with He. The solid curve

drawn through the olz&"ﬂ data points is to guide the eye. The dashed curve

was calculated by taking 7.2% of the full curve (note that the left and right
scales are different).
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L- and M-shell electrons captured

XBL 8810-8577

Figure 12.
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