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Observation of Rapid Evolution of Convoy Electron Angular Distributions
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We present results of doubly diff'erential cross-section measurements for production of convoy elec-
trons from 36-MeV/u Ar ions in thin amorphous carbon targets. Comparison of convoy emission distri-
butions as a function of target thickness reveals rapid evolution of component multipole strengths.
Thin-target results are compared with binary ion-atom electron-loss-to-the-continuum predictions. A
quantitative model of the multipole evolution bridging the transition from the single- to the plural-
collision regime is presented which demonstrates significant competition between one-step and multistep
production mechanisms.

PACS numbers: 79.20.Nc, 34.50.Fa

When a projectile of velocity vz traverses a thin solid
target, a cusp-shaped peak in the velocity spectrum of
ejected electrons occurs at an electron velocity v, =v~.
These so-called convoy electrons populate low-lying con-
tinuum states of the projectile and therefore provide an
excellent probe of threshold and near-threshold collision
phenomena. In binary ion-atom collisions a similar peak
is observed for electron-loss-to-the-continuum (ELC)
and electron-capture-to-the-continuum (ECC) processes
where the "cusp" electron comes from either the projec-
tile or target, respectively. Although these processes have
been extensively studied [1], a number of marked differ-
ences between the emission distributions of cusp and con-
voy electrons remain unexplained. Up to now it has
proved difficult to determine the origin of these djA'er-

ences since "density effects" [2], in which multiple excita-
tion of the projectile may precede ionization, become en-
tangled with electron-transport-related phenomena fol-
lowing ionization [3] in the multiple-collision regime.

To disentangle these eAects and to explore the evolu-
tion of convoy electron angular distributions from their
binary atomic collision origins, we have made the first in-
vestigations of the transition from single- to plural-coI-
lision conditions for convoy electron formation. As point-
ed out by Rozet et al. [41, single-collision conditions
(SCC) are achieved for many projectile capture, loss, ex-
citation, and ionization processes in thin foils of thickness
on the order of a few Itg/cm, provided sufficiently fast
projectiles are used. For example, for the 36-MeV/u
(v& =37 a.u. ) Ar' +' +' + ions used in the present ex-
periments the mean free paths (MFPs) in amorphous
carbon for projectile K- and L-shell excitation are
—30000 and —16000 a.u. , respectively [5], and those
for K- and L-shell capture are substantially longer —all
very large compared to the —100- to —2500-a.u. foil
thicknesses we have used.

We were therefore initially surprised to discover that

despite the very long MFPs for the elementary processes
of primordial importance in initial convoy generation, the
characteristic length for growth and saturation of mul-
tipole moments of the angular distributions of the con-
voys we observed is only —1000 a.u. Explanation of this
finding is a central goal of this paper.

This explanation invokes a quantitative model of the
convoy electron production process which attributes our
observation of a high rate of change of convoy electron
angular distributions with target thickness (and hence
with projectile "dwell" time) to strong competition be-
tween one-step ELC ionization of an incoming projectile
electron and two- (or more) step processes involving exci-
tation prior to the convoy-producing ELC event. As a
consequence of this competition, it is much more difficult
to achieve SCC in ion-solid collisions for convoy electron
production than for other atomic processes. For example,
when Ar ' + ground-state ions are incident on carbon tar-
gets with thicknesses only 2% of the MFP for K-shell ex-
citation, we find that more than 50% of the observed con-
voy emission arises from projectile excited states. Indeed,
even with the high-v~ ions used in our experiment and our
thinnest targets (—100 a.u. ), the analysis to be presented
indicates that about 10% of the observed convoy electrons
from Ar ' + were produced from two or more collisions.

The method by which data have been acquired has
been described previously [6], so only a brief explanation
is needed here. Beams of 36-MeV/u Ar' +' +' +, pro-
vided at the LISE facility of the Grand Accelerateur Na-
tional d'Ions Lourds (GANIL), were directed onto self-
supporting carbon foils with nominal thicknesses [7] from
0.5 to 21.4 pg/cm . The projectile beam diameter was
typically —1.0 mm, and its angular spread was limited to
about 0.5 . Electrons emitted within a forward cone of
4 were energy selected by a spherical-sector electrostatic
electron spectrometer (bE/E =0.01) equipped with a
position-sensitive detector (PSD) capable of resolving
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(a) (e)

laboratory-frame polar and azimuthal emission angles
(0,&) [6]. The PSD's output, decoded by a simple ra-
tiometric method, along with the spectrometer pass ener-

gy completely determine, within the resolution limits, the
velocity components of a detected electron. Thus, by
scanning the spectrometer deflection field across the cusp
and obtaining a (8,&) image at each pass energyw, e mea-
sure the entire three-dimensional velocity distribution.
For the axially symmetric cases of interest here, the
three-dimensional distribution is reduced to a two-
dimensional one by integrating over the azimuthal slice
for which analyzer aberrations are minimal.

Figures 1(a)-1(d) display sample distributions from
Ar' + and Ar' + ions on foils of diAerent thicknesses.
We have plotted contours of the two-dimensional emis-
sion distributions scaled such that isotropic emission
would give rise to nearly circular contours. In both cases,
the strong transverse emission from the thicker targets is
in accord with previous measurements of convoy electron
emission under multiple-collision conditions [8]. In par-
ticular, the target-thickness transition for Li-like Ar' +,
where events are dominated by ELC from the loosely

bound n=2 level, agrees quite well with observed dif-
ferences between ion-atom and ion-solid spectra for in-
cident Li-like 0 + [Figs. 1(e) and 1(f)].

It is convenient to discuss our data quantitatively
within a framework established for fast binary collisions
which utilizes an expansion for the doubly diAerential
cross section [9],

du ~0 g P/, P/, (cose') (Po ——1),
dVe Ve k =0

where v,' =v, —
v~ is the projectile-frame electron velocity

and 0' is the polar angle of projectile-frame emission. Ex-
traction of multipole moments P/, has been described pre-
viously [61 and is made utilizing a nonlinear least-
squares-fitting routine to compare Eq. (1), transformed
relativistically to the laboratory frame and convoluted
with experimental resolution parameters, to the experi-
mental data in the velocity region v,'& 1 a.u. The in-
clusion of higher-order v,

' corrections [9] to P/, had no
significant eAect on the determined multipole moments
within quoted error bars.

Evolution of multipole content is shown in Fig. 2,
where we have plotted fitted values of the first two asym-
metry coefficients, Pi and P2, versus thickness x for all
three incident charge states. The presence of a strong di-
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FIG. 1. Contour plots for Ar' + and Ar"+ in C (v =37

a.u. ), and 0'+ in Ar (v =14.3 a.u. ) and in 0.5 pg/cm' C
(v=17 a.u.). Contours represent multiples of 12.5% of peak
height. The horizontal scale indicates laboratory-frame elec-
tron energy; the vertical scale indicates electron ejection angle.
Isotropic projectile-frame emission would produce nearly circu-
lar contours. (a) Ar"++1.0 pg/cm C. (b) Ar"++21.4
pg/cm2 C. (c) Ar"++0.5 pg/cm C. (d) Ar"++21.4 pg/cm'
C. (e) 0'++Ar. (f) 0'++0.5 pg/cm C.
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FIG. 2. Extracted anisotropy parameters p~, p2. Solid lines
are drawn to guide the eye. The dashed line represents a model
described in the text.
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pole moment for Ar' + incident on thin foils disagrees
with the first-Born-approximation prediction that ELC
events produce only even-order moments pi, up to order
k =2n, where n is the principal quantum number of the
initial state from which the electron is lost [10]. It is im-
probable that ECC events could have produced this be-
havior in our data: Experimentally determined convoy
electron yields from incident Ar' + ions are —50 times
the corresponding yields from Ar ' +—hence we conclude
that ECC can contribute no more than 2% to the Ar' +

distributions. These data may indicate that the first Born
approximation, which requires that the projectile velocity
be much greater than the orbital velocity v' of the initial
state, becomes inadequate in describing ELC from the Ar
K shell at these velocities (v~/v'=2). There is qualita-
tive agreement between the observed dipole moment and
the results of the second-Born-approximation calculation
of Jakubassa-Amundsen [I lt, who finds a negative dipole
moment in the case of He++ He with projectile velocities
vp ~4V .( I

Variations in the magnitude of the quadrupole term,
p2, are larger for incident Ar' + than for Ar's+. This is
thought to indicate a larger variation in P2 between emis-
sion from n = 1 and n =2 levels than between emission
from n=2 and higher levels. The Ar' + data show a
small change from approximately —0.70 to —0.85; the
initial value agrees with predictions of ion-atom ELC p2
from n =2 [10,12], while the final value agrees with the
more transverse distributions observed in ion-solid col-
lisions at lower velocities [8].

As seen in Fig. 2, the coefficients P~ and P2 change rap-
idly and have nearly equilibrated in our thicker targets.
We attribute this to growth in convoy electron production
from excited states, and have developed a model of the pi,
evolution incorporating both ground- and excited-state
contributions to test this hypothesis. Since pi, (x) repre-
sents multipole contributions from different initial states,
we write

g, P,' Y'(x)
(2)

g; Y'(x)
where the summation is made over the ground (i= I) and
all contributing excited states (i ) I). pi, is the multipole
moment associated with emission from state i; Y'(x) is

the yield of convoy electrons emitted from state i into the
velocity region of the fit (v,' ( I a.u. ). Thus the denomi-
nator of Eq. (2) represents the total yield of convoy elec-
trons [13].

We focus here on the quadrupole moment P2 for in-
cident Ar ' + (ls), since it has the largest relative change
in magnitude. The evolution of the other multipoles can
be analyzed under similar lines, but this provides no addi-
tional insight to the rapid multipole equilibration. Since
the evolution of Pq for Ar ' + (ls 2s) is weak, we assume
that the quadrupole moments of ELC from excited states
of n ~ 2 are approximately equal (= —0.85). We use
the measured Ar' +

P2 for the thinnest targets (=0.0)

for the ground-state p2.
This analysis uses previous expressions [14] for the

ground-state and excited-state yields which, for targets
much thinner than the convoy electron attenuation length
[15] (where the majority of the multipole evolution takes
place [16]),may be written

Y'(x) =nTa,'"cx=a—x,
Y() I (x) g &

n 2rritrELcx 2 —bx 2

i)1

(3)
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FIG. 3. Experimental yields of convoy electrons vs target
thickness. Solid lines are drawn to guide the eye. The dashed
line represents a model of the Ar "+ yield (see text).

where nT is the target density. o.
~ represents the cross sec-

tion for excitation from the n=l to state i and o.; is

the cross section for ELC from state t. For these cross
sections we have used available theoretical values [5,12]
appropriate for v~ =36 a.u. Ar' +C. The products of ex-
citation and ELC cross sections for different excited
states indicate that a broad range of n ( ~ 10) contributes
significantly to the total yield. For large n, ELC cross
sections approach an asymptotic limit [17] while excita-
tion cross sections fall ~n . As a result, states with
n ) 10 contribute less than 10% to the total yield.

The difference in the thickness dependences of the
single-collision yield Y (x) and the plural-collision (two-
step) yield Y' '(x) leads to multipole evolution; the ratio
of amplitudes, b/a, determines the evolution rate dP2/dx.
There are two features which cause the observed rapid
evolution rate. First, both amplitudes are directly propor-
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tional to the ELC cross section from their respective
states which is strongly enhanced for excited states. For
example, the ratio of the ELC cross section from n =2 to
that from n =1, determined by comparing our experimen-
tal convoy yields from Ar' + and Ar' + in thin foils, is
about 15, in agreement with recent theoretical calcula-
tions [12]. Second, the contribution from many excited
states (n ) 2) further increases the evolution rate. In this
collision system, the total excited-state contribution is
about 10 times that due to n =2 alone.

The resulting P2(x) (the dashed curve in Fig. 2) repro-
duces the data remarkably well. We emphasize here that
no free parameters and only atomic cross sections were
used to obtain this agreement. Furthermore, using an es-
timate for the PSD efficiency of about 40% [18], the total
convoy yield compares well with the experimental convoy
yield from Ar' + as shown in Fig. 3.

In conclusion, while the thinnest-target data are con-
sistent with a binary ion-atom description, modeling of
the rapid convoy emission evolution requires enhanced
two-step convoy production from excited states, despite
long characteristic lengths for excitation. Both the ob-
served rapid evolution rate and the presence of high-
ordered multipoles provide clear-cut evidence for the pop-
ulation of high-n projectile excited states in the bulk—even when the orbital size exceeds mean interatomic
spacings. The need to incorporate single- and multiple-
collision eA'ects simultaneously to account for convoy an-
gular distributions illustrates a corresponding need for
great care in distinguishing single- from multiple-collision
criteria in solid targets, even at very high v~.
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