
PHYSICAL REVIEW A VOLUME 47, NUMBER 5 MAY 1993

Doubly differential secondary-electron yields following 8-MeV/u U6s+-

and 3.5-MeV/u U +-ion impact on a thin carbon-foil target
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Doubly difFerential secondary-electron yields following the impact of 8-MeV/u U + and 3.5-MeV/u
U + ions on 44-pg/cm carbon-foil targets have been investigated experimentally. Electron emission

yields were determined for ejection angles varied between 0' and 157 and electron energies ranging from
10 eV to 8 keV. The experimental data are compared to results from a theoretical model for production
and transport of fast electrons in solids.

PACS number(s): 34.50.Fa

I. INTRODUCTION

Electron emission following the transmission of fast
(MeV/u) heavy ions through thin foil targets has been the
subject of several investigations in the past (e.g. , Refs.
[1—10], and references quoted therein). Recently new ex-
perimental data have been reported and are compared to
newly developed theoretical model calculations [11]. The
interest in a better understanding of the physical process-
es that are involved when highly charged ions transverse
matter is diverse. The study of the secondary-electron
emission from thin foil targets is of interest from both the
fundamental and practical reasons. As demonstrated in a
series of previous studies, experimental and theoretical
investigations provide detailed information on the projec-
tile energy-loss mechanisms. A considerable fraction of
the projectile energy loss leads to the creation of high-
energy electrons, which are predominantly emitted into
the forward direction in the case of fast projectiles. Since
the electron emission related strongly to the charge-state
distribution of the projectile ion, information on the pre-
equilibrium of charge-exchange and projectile-excitation
processes can be deduced [10,11]. Measurements of dou-
bly differential electron emission yields in particular are a
sensitive test of model calculations and the understanding
of the electron transport through the solid.

A good understanding of the dynamics of the electron
emission by heavy-ion impacts is of value for practical
reasons. There the nuclear track formation following the
bombardment of fast (MeV/u) heavy ions with solids is of
interest. The inhuence of the ion-induced track potential
on the electron emission can elucidate the understanding
of defects along the projectile path [12]. This is impor-
tant for radiation physics [13,14], where high-energy
heavy ions are used for radiotherapy. The proposed
schemes for heavy-ion driven inertial confinement fusion
require a detailed understanding of beam-pellet shell in-
teractions and energy-loss mechanisms. Furthermore,
these studies are of interest with regard to investigations
of effects of cosmic rays on space-based computer systems
[15]. Excited-state configurations in projectile ions un-

dergoing ion-beam foil interactions have been studied us-

ing Auger-electron and competing x-ray emission spec-

troscopy (e.g., Ref. [16]). The corresponding intensities
due to Auger-electron emission are superimposed on the
secondary-electron continuum and contribute to the
radiation-induced defects.

The general features of secondary-electron spectra fol-
lowing interactions of high-energy ions with gaseous tar-
gets have been described recently (e.g. , Refs. [17,18]).
The same general features and production mechanisms
are present also in the case of foil targets. There, howev-
er, the electron transport through the solid is affected by
their energy and angular straggling, which predominant-
ly determines the electron emission in backward and for-
ward angles. In addition, ion-induced track potentials,
production of shock electrons as a result of collective ex-
citations in the solid, plasmon excitation, and excitons
are expected to determine the shape of the emission spec-
tra for very low electron energies.

Here we studied the doubly differential electron emis-
sion yield for forward- and backward-emission angles.
The highly charged fast uranium ions (8 MeV/u) lose
their energy predominantly via ionization, which causes
the production of rather intense electron emission spec-
tra. The experimental doubly differential yields are com-
pared with transport theoretical results and discussed.

II. EXPERIMENT

The experimental setup has been described previously
in Ref. [18]. The 8-MeV/u U +-ion beams were pro-
duced at the Super HILAC (heavy-ion linear accelerator)
of the Lawrence Berkeley Laboratory. Typical ion-beam
currents of 5 to 10 nA were collimated to a spot size of
about 2 X 2 mm prior to entering the magnetically
shielded scattering chamber. The normally-incident ion
beam traverses the carbon foil in the center of the
chamber and is collected in a Faraday cup. The
secondary-electron emission was observed at different an-
gles with respect to the ion-beam direction. The electron
emission was analyzed by an electrostatic 90' parallel-
plate analyzer with an intrinsic resolution of 8% (FWHM
[full width at half maximum]), and a solid angle of
6X10 sr. The overall efficiency of the analyzer is
about 0.3, including the efficiency of the electron multi-
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plier, which has been determined from auxiliary measure-
ments using gas targets [18]. The thickness of the carbon
target was 44 pg/cm; the base pressure in the chamber
was 3 X 10 Torr. The experimental data were normal-
ized to the theory by fitting the data to the theoretical re-
sults at electron energies above 5 keV. In this energy re-
gime, the theoretical data are expected to have uncertain-
ties of the order of 30% [11]. The relative uncertainty
with regard to variation of the emission angle is typically
15%.
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III. THEORY

All theoretical results presented in this paper are based
on classical transport theory. In order to avoid the sta-
tistical uncertainties of Monte Carlo solutions [4], the SE-
LAS approximation (a separation of energy loss and an-
gular scattering in the particle propagator function) was
applied [11]. The corresponding transport equations are
integrated for each initial state, ejection angle, and ener-
gy. This calculation requires the knowledge of the pri-
mary electron fiux, which is obtained from semiempirical
ion-atom collision cross sections. These cross sections, as
well as the incorporated electron energy-loss cross sec-
tions, that account for plasmon excitations, are expected
to be accurate for electron energies above about 30 eV.
Channeling, blocking, and diffraction effects are expected
to be of minor importance if other than single-crystalline
materials are investigated. Furthermore, quantum-
interference effects can be neglected, since many electrons
are ejected per incident heavy ion and this leads to many
(predominantly incoherent) final multielectron states.
For a detailed description of the model, see Ref. [11].

Figure 1 displays theoretical electron ejection spectra
for 8-MeV/u U + ions penetrating a 44-pg/cm C-foil
under normal incidence. The spectra were calculated for
three ejection angles and three different electron produc-
tion mechanisms: direct target and projectile ionization,
as well as electron-electron collision cascades. Target
ionization (upper part of Fig. 1) was computed for the ls,
2s, and 2p shells separately for a projectile mean equilibri-
um charge state of q=69 [19]. Solid-state effects enter
the calculation via the electron binding energies and the
electron transport to the vacuum. Angular scattering
and energy loss are of similar importance for the descrip-
tion of electron transport in dense matter. Both mecha-
nisms yield a broadening of the spectral structures ap-
pearing in single-collision results. The energy loss leads
to absorption of low-energy electrons from the initial
electron Aux. Hence, solid-state electron spectra, as
displayed in the upper part of Fig. 1, show less variations
as a function of the electron energy than the correspond-
ing atomic spectra (see Refs. [17,18]). It is emphasized
that the relative angular distribution of fast electrons
differs also by orders of magnitude from atomic cross sec-
tions. This is due to the inhuence of multiple scattering,
which is dominant for electrons ejected in backward
directions.

The rniddle of Fig. 1 displays electron spectra due to
ionization of populated projectile subshells by the neutral
C target atoms. For the calculations, 21 electrons are as-
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FIG. 1. Doubly differential electron emission yields calculat-
ed for three electron production mechanisms for 8-MeV/u U
impact on 44-pg/cm carbon foils.

sumed to be in the ground-state configuration and two
electrons in Rydberg states distributed with P„=50/n,
where n is the orbital quantum number. The Rydberg-
state population P„was determined from a fit of calculat-
ed electron spectra to our experimental results. It is em-
phasized that the value of P„ is the only free parameter in
the model calculation. In the present case, the fit de-
pends only on the height of the pronounced 5-electron
peak (the so-called convoy or cusp electrons) at 0. This
peak is mainly due to ionization of excited projectiles, the
so-called electron loss into the projectile continuum
(ELC), and corresponds to ejection of electrons centered
around the projectile velocity (about 4400 eV at 0). A
possible cusp-peak contribution due to electron capture
into the projectile continuum (ECC) is neglected in Fig.
1. At the charge-state equilibrium, the total electron-
capture and electron-loss cross sections are equal [19].
Since the electron-capture process populates preferential-
ly inner shells at high incident energies, the capture to
the continuum is less than the bound-state capture cross
section. Because this investigation was performed for in-
cident charge states near the equilibrium, the ECC con-
tribution to the cusp is expected to be of the order of
10%.

In a previous experiment, we have performed a direct
measurement of the Rydberg yield using a field-ionization
technique [20,8]. The corresponding result was
P„=( 12+04 )0/n . The field-ionization technique is sen-
sitive to n quantum numbers above 500, whereas the
current fit is sensitive to quantum numbers in a range
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around n =50. Thus, the difference between both results
is an indication of a deviation from the assumed n
dependence. The broad background in the projectile-
electron spectra (see middle part of Fig. 1) is due to ion-
ization of projectile inner-shell electrons and due to the
slowing down of cusp electrons in the solid.

The lower part of Fig. 1 shows the calculated
secondary-electron contribution from electron-electron
collision cascades. A first generation of electrons is pro-
duced via direct projectile and target ionization (upper
and middle part of Fig. 1). During the process of slowing
down, these electrons ionize target atoms on their way
and produce a second generation of electrons. The
second produces a third electron generation, and so on.
The sum of all electron generations, except for the first
one, is denoted as the cascade contribution and shown in
the lower part of Fig. 1. In practice, our calculation
shows that the second- and third-generation electrons ac-
count for about 99% or more of this cascade electron fiux
at energies above 25 eV. Furthermore, it is emphasized
that the significant cascade contribution is at electron en-
ergies below 100 eV.

IV. DISCUSSION OF RESULTS
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FIG. 2. Singly differential electron emission yields for for-
ward (F) and backward (B) ejection following 8-MeV/u U '+
and 3.5-MeV/u U' + impact on 44-pg/cm and 20-pg/cm car-
bon foils, respectively.

Figure 2 displays the singly differential electron emis-
sion yields for 8-MeV/u U + and 3.5-MeV/u U + pro-
jectiles at forward (F) and backward (B) ejection angles.
Experimental as well as theoretical emission yields
(dashed lines) are integrated over the ejection angle in the

corresponding hemisphere, leading to an uncertainty of
+20%. The yields decrease over several orders of magni-
tude toward higher electron energies. In the experimen-
tal spectra, there is a structure at about 260 eV superim-
posed on the secondary-electron continuum. This struc-
ture is due to target E Auger-electron emission. For
backward ejection, the yields decrease more rapidly as
compared to the forward direction, and the C K Auger
structure is observed more distinguished from the contin-
uum. The theoretical 6-electron results are seen to agree
well with the experimental data for backward ejection
and for forward ejection at electron energies above 4000
eV. However, for slow electrons ejected in the forward
direction, the discrepancy reaches a factor of 5. For
strongly screened projectiles and nonequilibrium projec-
tile charge states, the SELAS model gives only qualitative
results. The corresponding data from 3.5-MeV/u U
ions incident on thin foil targets have been discussed pre-
viously in Ref. [21] on the basis of n-body classical trajec-
tory Monte Carlo (n CTMC) calculations. In these calcu-
lations, the electron transport was benchmarked against
experimental results for the angular and energy strag-
gling of monoenergetic electrons incident on thin foils
[22]. The data are shown for comparison here, and it is
pointed out that two broad structures are visible in the
forward direction for 3.5-Me V/u U + projectiles at
about 4.5 keV and 7.6 keV electron energies. The broad
peak at 4.5 keV corresponds to the binary-encounter
peak expected for electron emission at 40. These elec-
trons are emitted near the projectile ions' exit from the
foil, and they show the typical angular dependence ex-
pected for binary-encounter electrons. The peak and
shoulder at 7.6 keV is due to binary electrons initially
scattered to 0' deep inside the solid. These "hot" elec-
trons undergo subsequently large-angle scattering with
small average energy loss. They cause a peak at an elec-
tron energy expected for binary electrons emitted into 0',
and they do not shift with observation angle. This double
binary-encounter peak structure is well reproduced in
model calculations using the n CTMC method [21].

Table I shows the mean electron energies and ejection
yields for secondary electrons and Auger electrons de-
rived from Fig. 2. The uncertainties stated in the table
include statistical uncertainties and the effect of the ex-
trapolation of the spectra to zero energy (20% relative
uncertainty) and to the binary-encounter peak. It is not-
ed that about 2000 electrons are ejected per incident pro-
jectile for 8-MeV/u U ions. For comparison, data taken
previously for fast Ne projectiles [11] have been partly
reevaluated using the current uranium data for interpola-
tion purposes and displayed in the table. The mean ener-
gies are identical for Ne and U ions of the same speed to
within the experimental uncertainties. The total electron
yields scale with the square of the mean equilibrium
charge state [19],as predicted by first-order perturbation
theory. However, the Auger-electron yield is only 1% of
the total yield for U ions, whereas it is 4% for Ne ions.
At present, it is not clear whether surface contaminations
or the ion-induced track potential [12] are responsible for
this deviation. For uranium ions, the high ionization
density in the track could, in principle, lead to reduced
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electron path length due to plural scattering shows: (i)
the SELAS results (using a straight-line path length)
should underestimate the experimental data at 180' and
high electron energies by a factor of about 2, and (ii) the
predicted angular distribution of ejected electrons should
be more pronounced than the experimental one. Both
statements are in agreement with the results presented in
Fig. 3.

For small forward ejection angles, there is reasonable
agreement between theory and experiment. At 0, the
measured "convoy" peak consists partly (shoulder and
wing on high-energy side) also of electrons due to field
ionization of highly excited Rydberg ions in the electro-
static spectrometer field [8]. It is noted that the shape
and intensity of this peak depends on the type of 0' spec-
trometer. For larger angles, the model predicts a
broadened cusp peak (due to energy loss and angular
scattering) at energies below 4400 eV, whereas our exper-
imental data do not show a significant structure at these
energies. Moreover, at large forward angles (40' and 60 ),
the deviation between calculated and measured data
reaches a factor of 6 at low electron energies. Similar de-
viations at large forward angles below the cusp energy
were already found in a previous investigation with fast
highly charged Ne ions [11]. It was speculated that the
high ionization density along the ion tracks leads to an
enhancement of forward ejected electrons, which are
slightly slower than the projectile. However, for U
projectiles, such an effect should be significantly larger
than for Ne' + ions. Since this is not the case, the devia-
tion at 60 is probably independent of the projectile atom-
ic number. A possible reason for this failure of our model
might again be the use of the straight-line approximation
for the average path length l. The straight-line path
length for an electron starting at a distance x from a sur-
face is i= ~x/cos8~, where 9 is the electron detection an-

gle. In reality, this path length also depends on the initial
direction inside the solid, and especially those electrons
that are produced with velocity vectors parallel to the
surface will have a strongly increased average path
length. Such electrons will preferentially be observed at

angles near 90', and their average energy will be lower
than for other ejection angles.

In summary, doubly differential electron yields have
been deduced for electron energies in the range of 10 eV
to 8 keV and ejection angles between 0 and 160' in 8-
MeV/u U +- and 3.5-MeV/u U +-ion impact on 44-

pg/cm carbon-foil targets. The results are discussed on
the basis of calculated emission yields, applying classical
transport theory for electrons traversing the foil target.
A Rydberg-state population of P„=50/n could be ex-
tracted from a fit of the theoretical electron-loss contribu-
tion to the experimental data. Furthermore, the model
allows for an identification of the different electron pro-
duction mechanisms in the electron spectra. However,
the poor agreement between calculated and measured
spectra at low energies and ejection angles near 90' indi-
cates the need for improved model calculations. It is an
open question which of the current electron-transport
models [3,4,11,21] is best suited for an accurate predic-
tion of doubly differential electron emission yields in the
case of fast incident ions. Each of them seems to have
problems in the treatment of either low-energy electron
ejection [21,11] or fast incident particles [3,4]. It is em-

phasized that the measured spectra correspond to a yield
of about 2000 ejected electrons per incident ion. This
number is in accord with other results for the specific
yield of carbon [2] and with data taken previously for Ne
ions when scaled with the squared equilibrium projectile
charge. It is not clear, at present, why the Auger-
electron yield measured in this work is lower than pre-
dicted on the basis of this scaling.
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