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Orbital angular momentum (l) distributions of ions in intermediate n and l states have been compared
for 1.5-5-MeV carbon ions traversing C foils and He gases by projectile Auger spectroscopy. The de-

gree of high-I enhancement in C targets is quantitatively established. A picture involving multiple col-
lisions between target atoms and the entrained electrons which accompany the ions explains the results.

PACS numbers: 34.50.Fa

The excited-state distributions of energetic ions pene-
trating solids have been investigated extensively to obtain
information about the mechanics of propagation of swift

highly charged and/or highly excited ions in sohds. ' 9

Nonetheless, our knowledge about the underlying mech-
anisms that govern the production and evolution of such
highly excited states is still very limited. In particular, a
long-standing mystery concerns reconciliation of much
direct evidence that low-l states are strongly favored in

elementary ion-atom collision processes, with evidence
that high-/ states are readily formed in ion-solid col-
lisions. '

In this work, we investigate the l distributions for elec-
trons in orbits whose radii exceed solid lattice spacings as
well as screening distances. A fast charged projectile in

a solid produces a wake potential, ' which effectively
screens the Coulomb potential of the ion at a distance
A.„=v, /to~, where v; is the ion velocity and @top is the
bulk plasmon energy. Because of subsequent electron
scattering processes, most of the observed ionic Rydberg
or convoy electrons with radii larger than the screening
distance might be expected to be formed at or near the
exit surface of the foil. When the ion emerges from the
foil, the sudden change in projectile screening can cause
ionized projectile electrons to project onto bound Ryd-
berg states. " A transfer of "free" electrons traveling at
-U; in solids, regardless of whether they originate from
projectile ionization or target ionization, has previously
been proposed as an additional mechanism contributing
to convoy electron production (free-electron transfer to
projectile continuum). ' The importance of the exit sur-

face in influencing excited-state characteristics has also
been demonstrated by polarization measurements in
ion-tilted-foil experiments. '

Recently, studies of l distributions of low excited
states produced by electron capture into 33.2-
MeV/nucleon Kr + ions in solids have been performed
by Rozet et al. ' Their findings were explained by a
wake-field-induced Stark mixing of the substates.
Burgdorfer has quantitatively analyzed the transport of
Rydberg and convoy electrons in solids using a Monte
Carlo simulation method. ' This model takes into ac-
count random collisions between target atoms and elec-
trons accompanying projectiles, and suggests that they
play a decisive role in enhancing high-I states. Betz et
al. s studied the l distribution of Rydberg states of 4-
MeU/nucleon S ions emerging from solids and found
that high-I populations are much larger in ion-solid col-
lisions than expected from collisions of ions with separat-
ed target atoms. Although substantial advances in un-
derstanding have occurred, unsettled controversies pro-
vide a continuing stimulus to the field.

In this work, we give conclusive evidence for the
enhancement of high-l components of intermediate-n
states (low Rydberg states) of ions emerging from foils.
Our conclusions are based on the direct observation of
Auger lines associated with individual I states and their
quantitative intensity analysis. Convincing evidence is
given for the differences in the I distributions for solids
and separated atoms by performing simultaneous mea-
surements with foils and gas targets using the same pro-
jectiles.
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We measured electrons emitted in the decay of au-
toionizing Rydberg states by the method of zero-degree
Auger spectroscopy. ' ' Electons due to the Coster-
Kronig transition 1s 2p51 1s 2st. l' in C + were mea-
sured for 1.5-5-MeV C++C-foil collisions as well as for
C ++He and C ++He collisions under closely similar
experimental conditions. The experiments were per-
formed at the Van de Graaff accelerator at the Centre
D'Etudes Nucleaires de Bordeaux-Gradignan (CENBG)
and at the EN tandem accelerator at Oak Ridge Nation-
al Laboratory (ORNL), with use of a spectrometer on
loan from the Hahn-Meitner-Institut, Berlin. Carbon
beams from 1.5-2.5 MeV and from 2.5-5 MeV were
used at CENBG and ORNL, respectively. The target
foil was 5 pg/cm thick, enough to assure charge-state
equilibrium, and was mounted perpendicular to the
beam. The He target pressure was —10 Torr and its
length was 5 cm. Emergent autoionizing electrons were
measured with an energy resolution (FWHM) of 300
meV, corresponding to an energy resolution of -50 meV
in the projectile rest frame. Details of the apparatus and
the zero-degree Auger spectroscopy technique have been
given previously. '

Figures 1(a)-1(c) show spectra of autoionizing elec-
trons produced by the Coster-Kronig transition Is 2p51

1s 2st. l' for 1.5-MeV C++C foil, C +He, and
C ++He, respectively. The continuum electron back-
ground has been subtracted. At the top of the figure, the
spectra are compared with theoretical values for the en-
ergies and widths of associated terms.

For C + impact, the autoionizing states are predom-
inantly produced by a single-electron excitation process
from the incident metastable (Is 2s2p P) state which is
likely to be produced at the stripper foil of the accelera-
tor. The fraction of this metastable state has been found
to be -75% in the C + beam. ' For C + in He, the au-
toionizing states are produced by a transfer and excita-
tion process from incident 1s 2s ions. In this case, a
portion of the spectrum showed a strong forward-
back~ard asymmetry. ' To take this into account, we
averaged spectra by summing the data from forward
(0') and backward (180') emission [Fig. 1(b)j.

The spectra were fitted by a sum of thirteen Gaussian
lines associated with autoionizing states with use of the
theoretical values for the term energies and widths.
The fits are shown in Figs. 1(a)-1(c) by solid lines,
which are seen to reproduce accurately most of the de-
tailed features. Near 3 eV, the states are so dense that
they were merged into groups represented by broadened
lines. The different I contributions to the broadened
lines have been obtained by assuming preliminary values
for the distribution of high-I states, which were iterative-
ly adjusted to the final fitted results for the 1s 2p5l-
configuration components. The line fitting procedure in-
volves various uncertainties which, however, are signi-
ficantly smaller than the difference in the I distributions
observed for gas and foil targets.
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FIG. 1. Spectra of electrons associated with the decay of the
configuration is~2p5l produced in 1.5-MeV (a) C++C-foil,
(b) C'++He, and (c) C2++He collisions. The electron ener-

gy refers to the projectile rest frame. The term energies and
widths given above the spectra are based on calcUlations by
Griffin (Ref. 20).

Figure 2 shows the I distribution f(l) for 1.5-MeV
C++C foil, C ++He, and C ++He. For C, it is found
that high-/ components are significantly enhanced in
comparison with those for He. It is seen that f(l) is al-
most constant, i.e., the distribution is not statistical but
approximately uniform over the I states (except for
l=0). This characteristic I distribution has been ob-
served for all the projectile energies (1.5-5 MeV) stud-
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It should be noted that the high-I enhancement for

n =5 is also observed for n =6 and 7, i.e., the enhance-
ment of the high-I component in low Rydberg states in

ion-foil collisions seems to be a general feature in this en-

ergy range. For n larger than 7, the Auger energy reso-
lution was insufticient to resolve spectral structure.

For He, some unidentified peaks are clearly observed
at energies near t. -2.2 and -2.5 eV. Comparing these
energies with related optical measurements, we find

that the 2.2- and 2.5-eV peaks match energies expected
for states 1s 2s2p4p P, D and 1s 2s2p4p P, D of C+
ions, respectively. These states could be produced by
single- and double-electron capture into incident C +

and C + ions, respectively. The autoionizing electrons
from other ls 2s2p4p states are expected to appear
near -2.9 to -3.2 eV, energies which overlap those of
the high-I part of the 1s 2p5I states. Accordingly, the
real fraction of high-I states for He may be even smaller
than those indicated in Fig. 2.

For the foil target, the C+ lines at -2.2 and -2.5 eV
are not visible in Fig. 1(a), and the 2.9-3.2-eV region is

expected to be relatively free of C+ contamination. This
negligible contamination results from the fact that the
fraction of C+ is —10% of that of C + in the projectile
energy region considered here. Hence, for the foil tar-
get, the high-I data given in Fig. 2 are expected to repre-
sent realistic values.

Linear-response theory predicts' that the Coulomb
potential of fast projectiles traveling in a conducting ma-
terial is screened at a distance ) „-v;/co~. Thus, few
electronic states in solids with average radii larger than
k„should be expected to survive. The average radius is

given by (r„ I)—[3n —l(1+1)]/2Z, for hydrogenlike

p d

ANGULAR MOMENTUM

FIG. 2. Angular momentum distribution in C + 1s 2@51
state produced in 1.5-MeV C++ C-foil, C ++ He, and
C ++ He collisions.

states with core charge Z, . The average radius of the 5l
electron of C + is ) 9 a.u. which is considerably larger
than k„—2.5 a.u. ; i.e., stationary 1s 2p5I states should
not exist in the foil. Accordingly, the autoionizing states
observed are expected to be formed at or near the exit
surface of the target. However, the picture of an atomic-
like electron capture from the target near the last layer is

unlikely because the I distributions observed in C difrer
significantly from those obtained in He (Fig. 2). There-
fore, we consider alternative models, '" ' beyond the
simple pictures of producing Rydberg and convoy elec-
trons in single-collision events.

In Burgdorfer's theory, ' it is assumed that inside the
solid a charge cloud consisting of electrons transiently
accompanying the projectile propagates under the
influence of the projectile's Coulomb field. The electrons
are shown to be strongly phase-space correlated over a
wide range of Z, . The entrained electrons accompany
the projectile for a certain average distance, during
which they undergo multiple transitions (for example, of
the type nl n'l~ n "I"). This "correlation length" is
enhanced by trapping in bound states but limited by col-
lisions that remove them from the charge cloud, as they
become convoy electrons. This correlation length was
shown to significantly exceed the mean free path of an
electron traveling freely in the solid. ' '

In harmony with a free-bound transition mechanism
at the surface originally proposed by Betz et al. ,

" we
note that the observed low Rydberg states are likely to
be formed upon emergence. Upon exit, whatever en-
trained electrons remain find themselves suddenly in a
deeper potential because of the disappearance of the
screening. The increase of the potential is roughly es-
timated by

6V- Z, [1 —exp( —(r„ i)/k„) ]/(r„ I),

which amounts to 6.5-9 eV for the Ss-5g electrons in

question. Accordingly, if the electron's energy (kinetic
plus potential energy in the screened field) in the projec-
tile frame is smaller than the increase in the binding en-

ergy, they will project onto Rydberg states. %hen the
total energy of the electron has a small positive value, it
will be observed as a convoy electron. Hence, the pro-
duction of Rydberg and convoy electrons are comple-
mentary processes of common origin.

In the above picture, the enhancement of high angular
momenta is qualitatively understood as follows. Scatter-
ing events may increase the average values of momentum
and distance of the entrained electrons with respect to
the projectile. Accordingly, after multiple collisions with
target atoms characteristic of electron propagation in

solids, the entrained electrons are expected, in accord
with the Monte Carlo calculations, ' to acquire high I.
In the sudden approximation inherent in the "shake-
down" process, high-1 values are expected to be pre-
served when the Rydberg electrons are formed.
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A possible mechanism to further enhance high-1 states
arises from the fact that (r„ t) becomes smaller as I be-
comes larger for the same principal quantum number n.
For instance, the average radius of the 51 electron of
C + ranges from -9 a.u. (g state) to 13 a.u. (s state).
Hence, taking into account that the potential increase
upon exit is larger for smaller r, it may be expected that
high-1 Rydberg states are more readily formed.

Summarizing, we have measured the I distribution of
low Rydberg states produced in 1.5-5-MeV C++C-foil
collisions, which directly revealed strong enhancements
of high-I components. Multiple collisions of entrained
electrons in solids and their shakedown into Rydberg
states upon exit provide a compelling explanation of the
observations, one in harmony with recent Monte Carlo
calculations.
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