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We have measured electron yields from the beam entrance and exit surfaces of thin carbon foils
(d =~4-700 ug/cm?) bombarded with swift (13.6 MeV/u) highly charged (¢ =16-18) argon ions. The
dependence of the electron yields on target thickness and charge state of the ions is analyzed within the
framework of an extended semiempirical model. Due to the high velocity of the ions, it is possible to dis-
tinguish electron production in primary ionization (related to the stopping power and the effective
charge of the ions) from secondary electron production due to the transport of so-called & electrons (cas-
cade multiplication). By combining the experimental results with numerical simulations of electron
transport in matter by a Monte Carlo method, we have obtained electron transport lengths of high ener-
gy (E >>100 eV) § electrons parallel and perpendicular to the ion trajectory, as well as diffusion lengths
of slow electrons (E << 100 eV). In order to study the velocity dependence of these transport lengths, we
have not only investigated 13.6 MeV/u Ar ions, but also 1 MeV/u C and 3.9 MeV/u S, for which experi-
mental results are available [Koschar et al., Phys. Rev. A 40, 3632 (1989)]. We discuss the origin of
electron yield reductions (compared to a simple scaling with the square of the nuclear charge) with heavy
ions and present measurements of double differential energy and angular electron distributions of 13.6
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I. INTRODUCTION

Swift charged particles interact with matter mainly by
electronic processes such as excitation and ionization of
the target atoms. Positively charged projectiles may also
capture target electrons (to the ground state or an excited
state). If the projectiles carry electrons, electron loss or
projectile excitation may take place. All of these process-
es contribute to the loss of kinetic energy of the projectile
and the deposition of energy in matter, but most of the
projectile energy loss per unit path length leads to ioniza-
tion. Subsequent electron emission (EE) from the solid
surface, the so-called kinetic electron emission, has first
been described nearly a hundred years ago [1].

Electron production occurs whenever ionizing radia-
tion interacts with matter. Consequently, the knowledge
of the number of electrons emitted per incoming projec-
tile (the electron yield y) as well as their angular and en-
ergy distribution is needed in a variety of applications in-
volving charged particles and, in particular, heavy ions.
To give a few examples, we mention particle track forma-
tion, single-event-upset in electronic devices in spacecraft,
and radiation biology and medicine (tumor treatment).
An overview of applied aspects of EE has been given by
Hasselkamp in Ref. [3]. Extensive recent reviews on EE
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from solids can be found in Refs. [2—-4], and recent devel-
opments concerning fundamental and applied aspects of
heavy ion physics can be found in Ref. [5].

A multitude of experiments have been performed on
EE induced by slow or medium velocity heavy ions
(E, <1 MeV/u) [3], but only a few studies with fast
heavy ions have been published [6-12]. One can distin-
guish between two different types of experiments: studies
of electron emission yields ¥ [10-12], or measurements
of doubly differential electron energy spectra
d?y(0)/dEdQ as a function of the observation angle 6
[6-9]. No systematic studies have been published for
heavy ions (Z > 8) at energies above 10 MeV/u. There-
fore, we have measured electron yields from the beam en-
trance and exit surfaces of thin carbon foils
(d ~4-700 ug/cm?) bombarded with swift (Ep=13.6
MeV/u, vp=23 a.u.) highly charged (¢ =16-18) argon
ions. Since about 80-95 % of all emitted electrons are of
low energy (E <<100 eV) [3], electron yield measure-
ments provide us with information about these low-
energy electrons, whereas electron spectra yield informa-
tion on high-energy electrons (E > 100 eV). Following
Sternglass [13], we will refer to this high-energy part as
“8 electrons.” In contrast, we will not use the term
“secondary electrons” for the low-energy part, because
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low-energy electrons are not only produced in secondary
collision processes, an important fraction is produced in
direct primary ionization events.

In the following Sec. II, we describe an extended
semiempirical model for EE. The Monte Carlo (MC)
simulations of electron transport in carbon are the sub-
ject of Sec. III. After a short description of the experi-
mental setup (Sec. IV), we present the experimental re-
sults. They will be analyzed within the framework of the
semiempirical model (Sec. V). Electron transport lengths
are obtained by combining these results with the MC
studies (Sec. VI). We finally investigate the question of
scaling of the electron yields with the projectile energy
loss (Sec. VII), and present double differential electron
spectra as an outlook in Sec. VIII.

II. SEMIEMPIRICAL MODEL

We will now describe an extension of the semiempirical
theory of EE introduced by Sternglass [13]. The basic
idea of this simple approach is illustrated in Fig. 1. Usu-
ally, electron emission is regarded as a three-step process:
production of electrons by primary ionization, transport of
the electrons through the solid including secondary elec-
tron production by fast electrons (cascade multiplication)
and, finally, transmission through the surface and ejection
into the vacuum.

Electron emission yields are expected to be (roughly)
proportional to the electronic energy loss per unit path
lengths dE /dx [2-4,12-14]. Sternglass [13] and Kos-
char et al. [12] started from this assumption by further
considering that projectile kinetic energy may be lost in
two different types of collision processes: violent binary
close collisions with a small projectile-target electron im-
pact parameter, and soft collisions with a large impact pa-
rameter. This concept is discussed in two classical papers
by Bohr and Lindhard and Winther [15]. Koschar et al.
[12] introduced the so-called “partition factor” S
describing the fraction of projectile energy lost in close
collisions with subsequent 8-electron emission. The frac-
tion dissipated in soft collisions, leading to direct produc-
tion of low-energy electrons (or to plasmon creation with
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FIG. 1. Ionization of a solid by ions: basic concepts concern-
ing the semiempirical model of electron emission involving elec-
tron transport lengths of high-energy & electrons parallel (As)
and perpendicular (A,) to the ion trajectory, and also diffusion
lengths A5 of slow “secondary” electrons (E < 100 eV).
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subsequent electron production by plasmon decay), is
given by Bg=(1—pf;). Sternglass [13] assumed an
equipartition between the two types of collision process-
es, i.e., Bs=Ps=0.5 for fast projectiles of velocities
vp>Z3 v, (with the Bohr velocity v,=1 a.u.). In the
present model, the dissipation of projectile energy in
nonionizing events (e.g., target or projectile excitation
with subsequent photon emissions, etc.) is neglected, and
thus

dE
close dx

dE _ dE

—p 4E dE
dx dx =Bs ix tBs e (1)

soft

In the following, we will establish simple equations for
the target thickness dependence of forward and backward
electron emission yields from thin foils [3,12,13]. We
start by calculating the number Ny of low energy elec-
trons produced inside the solid by (1) primary ionization
in soft collisions (denoted as “‘spi”’) and (2) secondary ion-
ization by high-energy primary electrons from close col-
lision (denoted by “&”). Of course, there is no exact
boundary between “low-energy” and ‘high-energy” (or,
as we have decided to call them, 8) electrons. The “mean
electron energy,” defined as the first moment of the elec-
tron energy distribution, (E)= f EN(E)E /
f N (E)dE (integration from O to « ), depends mainly on
vp, but also on Zp and is in the order of some hundred
eV. One may speak of “slow” or “low energy” electrons if
their energy is E <<(E) and consequently, of “fast”
electrons if E>>(E). As will become clear from Sec.
IV, our experiment allows one to distinguish roughly be-
tween ‘“slow” or “fast” electrons divided by a boundary
situated somewhere between 100 eV and some hundred
ev.

We assume that the direct production of low-energy
electrons is proportional to the fraction of dE /dx dissi-
pated in soft collisions. Furthermore, from now on, we
assume that dE /dx varies only slowly with penetration
depth. The number dN{%; of slow electrons from primary
ionization by soft collisions (spi) in a layer dx at depth x
is then given by
spi — Bs d_E

NE= Ty ax ™ @
where ( W) denotes the mean energy transferred in an
ionization event to liberate an electron. { W) is in the or-
der of some ten eV.

The high-energy 6 electrons will also produce low-
energy electrons due to secondary ionization processes
during their migration through the solid. The number
d*N%g of low-energy secondary electrons liberated in a
layer dx at x by 8 electrons produced in a layer dz at z is
B
d?N8 . = —<75>‘;,—fg(x —z)dx dz , 3)
where g (x —z) represents the spatial distribution of the
energy carried away by the 8 electrons originating in dz
at z. For a target of infinite thickness, and this is the case
considered in Sternglass’ paper [13], we would obtain the
total number dN?%; of low-energy secondary electrons li-
berated in a layer dx at x by integrating Eq. (3) from O to
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o over dz. If we are interested in thin foils of target
thickness d, the integration over dz has to be performed
from O to d. For sufficiently thin targets, we can assume
that dE /dx is constant for all z, and the integration re-
sults in

Bs dE
) = _
dNLE < W> dx f(x,)\.s)dx 4)
with
d
flahg)= [ ‘g(x —2)dz . (5)

As shown by Sternglass in an appendix to his paper
[13], the following simple form can be used for the trans-
port function f(x,As) in the case of low atomic number
target materials under the assumption that g (x —z) is the
solution of the diffusion equation for a plane source:

Flx,Ag)=1—exp | —— (6)
As

In this simple case, the transport of high-energy electrons
is described by a characteristic mean transport length Ag
for these 6 electrons. Backscattering of 8 electrons and
thus contributions of layers dz at z >x on low-energy
electron production at x <z has been neglected: in other
words, Eq. (3) has only been integrated from O to x, and
not from O to d.

In order to elucidate the meaning of A5, we mention
that in his original paper, Sternglass called
As=(1RsA,)!? the “effective penetration distance” or
“diffusion length of the delta rays” [13]. It is some aver-
aged quantity containing both ‘“‘the absorption mean-free
path (which) is equal to the range Ry of the 8§ rays mea-
sured along their track length” and the transport mean-
free path A, i.e., the collision mean-free path projected
on the beam direction.

Up to now, we treated the production of low-energy
electrons by assuming that their number is proportional
to the electronic energy loss per unit path length [Egs. (2)
and (3)]. The transport of high-energy electrons is de-
scribed by Eq. (6), but we have also to consider the trans-
port of slow electrons from their point of production to
the surface. This can be done by introducing diffusion
(attenuation) functions

S

Py(x)=Pexp (7a)

—(d —x)

s (7b)

Pp(x)=Pexp

for the beam entrance (B for “backward”) and the beam
exit side (F for “forward”). Here, Ag is the characteristic
diffusion length for low-energy electrons, and P denotes
the surface transmission probability. P(E,0,U) depends
on the energy (E) and angle with respect to the surface
normal (68) of electrons approaching the surface and the
height of the surface potential barrier (U) and is in the
order of 0.1-0.5 [12,13].

Although these diffusion or attenuation functions Eq.
(7) closely resemble Eq. (6), the 8-electron transport func-

tion, Eq. (6), is by far more complicated in its meaning.
Equations (7a) and (7b) describe the diffusion of low-
energy electrons with an initially isotropic angular distri-
bution. Equation (6) describes the production at x >0 of
such low-energy electrons (with isotropic angular distri-
bution) by 8 electrons produced at 0 <z <x. The angular
distribution of the § electrons is thus assumed in Eq. (6)
to be strongly forward peaked.

Now, we are ready to calculate the low-energy electron
emission yields, i.e., the number of emitted electrons per
incoming projectile. We add up the production terms
Egs. (2) and (4) and multiply by the diffusion functions
which include the surface transmission factor Egs. (7a)
and (7b). By integrating over dx from O up to the target
thickness d, we obtain the target-thickness-dependent
forward (F) and backward (B) yields of low-energy elec-
trons,

d .
yF/B(d)=f0 (AN /dx +dN2 /dx Py ,p(x)dx . (8)

It is important to note that the number of high-energy
electrons is not included in the yields y directly, but only
indirectly by producing low-energy secondary electrons.

By assuming that Ag>>Ag, and keeping in mind that
dE /dx is assumed to be constant for all thicknesses d, the
integration results in simple equations for the target
thickness dependence of forward (yr) and backward
(y g) electron yields

vYp(d)=ABs (dE /dx)[1—exp(—d /Ag)], 9)
Yr(d)=A(dE /dx)[1—Bgexp(—d /Ag)
—Bsexp(—d /As)] (10)
with
A=PAg/{(W) . (11)

The “thick target” or, better, “equilibrium” yields are
given by the limit d — o of Egs. (9) and (10):

v5()=ABsdE /dx (12)
yp(o)=AdE /dx . (13)

They represent the yields for foils thicker than the range
of high-energy electrons (d >>2;) and sufficiently thick to
ensure charge equilibration of the ions. Equations (12)
and (13) are well established in the case of proton impact:
Over a wide range of proton energies (from a few keV up
to > 10 MeV regime), electron yields are proportional to
the electron energy loss dE /dx [3,11,16,17]. In this case,
the parameter A describes the material dependence of
electron yields and is thus often called “material parame-
ter.”

However, with heavy ions, strong deviations from the
simple scaling with dE /dx have been observed at low
and medium velocities ( <1 MeV/u) [3,14], but also at en-
ergies as high as 5-6 MeV/u [10,11]. These deviations
manifest as electron yield reductions (in one case, also an
enhancement has been observed, see Sec. VII) and can be
parametrized by introducing the factors Cr and Cjp in
Egs. (12) and (13). The “equilibrium yields,” ¥ g( « ) and
v (), for heavy ions can then be written as
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y5(0)=ABs Cp(Zp,vp)dE(Zp,vp)/dx , (14)
yp(0)=A Cp(Zp,vp) dE(Zp,vp)/dx (15)

as discussed in Refs. [14,18]. Thus, in the proton case,
Cr,5(Zp=1,vp)=1, and in the heavy ion case, if yield
reductions occur, Cr,5(Zp > 1,vp) <1. These factors are
a measure for the deviation of electron yields from a sim-
ple scaling with the electronic energy loss dE (Zp,vp)/dx
of the projectiles,

CF,B(ZP’UP):[YF,B(Z[))/yF,B(H+)]
dE . dE
x | 9E 1) /2L z,) 16)

under the assumption that B5(Z,)=Bs(H™) for Cp.

The results (concerning backward yields) have been in-
terpreted in terms of the following two different models:

(1) Rothard, Schou, and Groeneveld [14] proposed that
electron yield reductions for ions of about 0.1-2 MeV/u
could be due to variations in stopping power near the sur-
face, which result from pre-equilibrium variations of the
effective ion charge q*(x) as a function of the penetration
depth, if most of the emitted electrons originate from
within a depth much smaller than the depth needed to
reach charge equilibrium. We will come back to this in
connection with the observed incident charge state (g)
dependence in Sec. V. For more details, we refer the
reader to Ref. [14].

(2) On the other hand, a model in terms of electron
trapping in the wake of the ions due to an attractive track
potential ¢rgr has been proposed by Borovsky and
Suszcynsky [11]. Consider a completely stripped ion of
high enough velocity to ensure charge state conservation
over a penetration distance much larger than the electron
escape depth. Such an ion creates, due to the high densi-
ty of ionization, a positively charged track in its wake.
As a result, the attractive track potential ¢ causes an
attractive force which retains a certain number of the
electrons liberated and moving away from the ion track.
Consequently, electron yields will be reduced.

The main predictions of the attractive track potential
model are (1) The yield reduction increases with increas-
ing Zp or g for vp =const (because of the increasing ion-
ization density). (2) The effect decreases with vp and
disappears in the high-velocity limit Ep > 100 MeV/u.
Within this ‘“trapping in the wake” model, the (back-
ward) “reduction factors” can be written as [19]

Cp(Zp,vp)=[(I+eprr) ' —Ezg1/(I '—Ez) 17

with the maximum momentum transfer in a binary en-
counter collisions corresponding to an electron energy of
Epg=2m,v}, the mean ionization potential I and the
track potential ¢rg.

It is interesting to note that the ion track potential ¢rx
can be calculated from Eq. (17) if I is known. We have to
keep in mind that I is only an empirical parameter adjust-
ed to fit experimental data. Also, Eq. (17) is only valid
for highly charged or completely stripped ions with an
effective charge close to Zp. If this is not the case, i.e., if
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we consider lower velocities or ions that still carry many
electrons, an effective charge has to be introduced in Eq.
(17) as discussed in Ref. [14]. It is not clear to us whether
a similar expression as Eq. (17) can be given in a straight-
forward way for the forward yields, since the forward-
peaked high-energy electrons might be of major impor-
tance. The calculations of Ref. [11] have been made for
backward emission only.

III. NUMERICAL SIMULATION
OF ELECTRON TRANSPORT

As can be seen from Egs. (9) and (10) and Fig. 1, the
analysis of measurements of the target thickness depen-
dence of forward- and backward-electron yields—within
the framework of the semiempirical model of EE—
allows one to calculate the characteristic transport length
As in the direction parallel to the ion trajectory. In order
to also obtain information about the perpendicular com-
ponent AMC of the electron transport length, we have per-
formed a MC simulation of electron production and
transport in solids based on the work of Gervais and
Bouffard [20]. Also, the value of the calculated longitudi-
nal component AYC can be compared to values of Az ob-
tained from target-thickness-dependent electron yield
measurements. The procedure of deduction of AMC and
AMC from the numerical simulations and the results are
discussed in Sec. VI.

The projectiles are treated as point charges of constant
kinetic energy with a straight trajectory and an effective
charge ¢*(Zp,vp), i.e., electron capture and loss as well
as projectile excitation are not taken into account explic-
itly. The target material, carbon, is treated as homogene-
ous and isotropic and is characterized by its atomic num-
ber and mass (Z;=6, 4 =12), density (p=1.65 g/cm?),
Fermi energy Ep=17 eV and corresponding plasmon ex-
citation frequency (#fiwp=21.2 eV), and finally the ls ion-
ization energy U, =284 eV. The density of electronic
states is divided in two parts: atomic core levels and free
valence electron gas. The band structure is not taken
into account explicitly.

Primary ionization of core levels is calculated in first
Born approximation using hydrogenic wave functions
[21]. Valence electrons are treated in the framework of
the dielectric theory [22]. In particular, plasmon excita-
tion and subsequent creation of secondary electrons due
to plasmon decay in electron-hole pairs is taken into ac-
count. The lifetime of the plasmons was deduced from
optical measurements [23] neglecting the wave-number
(k) dependence.

Secondary ionization processes induced by electrons
with enough energy to generate cascade electrons are
treated in the same way as primary ionization by the ions.
The electrons and all secondaries from cascade multipli-
cation released by primary ionization are transported
through the solid on classical trajectories. In view of the
de Broglie wavelength, this is a good assumption for the
high-energy electrons (E >>100 eV) of interest here. All
electrons are followed until they reach a kinetic energy of
less than a cutoff value of E_ =2 eV. This value has been
chosen because it can be expected that such low-energy
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electrons do not further ionize and remain confined
within a small volume with respect to the diffusion
lengths A, and Ag of high-energy electrons (Fig. 1). The
energy levels are counted with respect to the Fermi level
Ep. Approximately 5X10* electrons from primary ion-
ization events were followed in order to obtain good
statistics. The calculation is described in detail in Ref.
[20].

As we are interested in characteristic transport lengths
of electrons in directions perpendicular and parallel to
the ion track, we use the MC simulations to calculate
internal radial and longitudinal electron distributions
dN /dr and dN /dx, respectively. From the numerical
simulations, the density of electrons d3n(x,y,z)/
(dx dy dz) of a kinetic energy of less than a cutoff value
of E_, at (x,y,z) can be obtained. By integrating over x,
(i.e., projecting the electron positions on a plane perpen-
dicular to the ion track, we obtain radial distributions
dN (r)/dr of the density of electrons as a function of the
distance r from the ion track. In order to allow a direct
comparison of these plots (Fig. 2) to the widely used plots
of deposited energy in track structure calculations [20],
the azimuth angle integration has not been performed.
By integrating over the cylindrical coordinates » and ¢
(which correspond to the symmetry of the problem), we
obtain longitudinal distributions dN (x)/dx of electrons
emitted into a layer between x and x +dx if primary ion-

-2 Ar
(13.6 MeV/u)

SEY E>100eV

2 S
10° (3.9 MeV/u)

E>100eV

C
107 = (1 MeV/u)
-3 L E>100eV

RADIAL ELECTRON DISTRIBUTION dN(r)/dr [1/A’)
S

1 i L 1 !

10° 100 102 100 10t

RADIAL DISTANCE r [A]

FIG. 2. Radial electron distributions dN /dr (see text, projec-
tiles and energies as indicated) from numerical (MC) simulations
as a function of the radial distance r from the ion track. Two
different cases are shown: electron creation by electrons of all
energies (E >2 eV, upper curves) and electron creation by pri-
mary high-energy & electrons only (E > 100 eV, lower curves).
Both curves fall together at Ro(Z, v,).

ization occurred at x =0. Both distributions are connect-
ed by

0 27
fo rdrfo d¢dN (r)/dr =Nipem
= [" dxdN(x)/dx . (18)

The constant values N, of the integrals in Eq. (18)
represent the total number of internally produced low-
energy electrons in a layer of thickness dx.

Figure 2 shows the radial distribution dN (r)/dr as a
function of the radial distance r from the ion track for C,
S, and Ar projectiles with incident energies of 1, 3.9, and
13.6 MeV/u, respectively. Two different cases have been
investigated (1) electron creation by all electrons (pri-
mary, secondary, tertiary, . . .) of all energies E>E_ =2
eV (upper curves) and (2) electron creation by primary
high-energy & electrons E > 100 eV only (lower curves).
Above a certain distance R, from the ion track, the two
curves are seen to merge. For R <R, much more low-
energy electrons are created if electron creation by all
electrons is taken into account. But for R >R, low-
energy electrons are mainly created by high-energy pri-
mary electrons. In the case of Ar ions, electrons with en-
ergies below 100 eV deposit their energy within a radius
of about Ry=~60 A.

Also shown are the distributions dN (x)/x as a func-
tion of the distance x from the point of primary ioniza-
tion in Fig. 3. The primary ionization events take place
at x =0 within the (infinite) carbon target. We thus ob-
tain the distributions in the direction of the ion trajectory
(forward emission, right-hand side of Fig. 3), and in the
inverse direction (backward emission, left-hand side of
Fig. 3) for the same projectiles as in Fig. 2. From Figs. 2
and 3, we see that more electrons are created at small ra-
dial or longitudinal distances with S than with Ar and C.
This is in agreement with the experimental results: the to-

SG9Meva) || ~-.S8(3.9 MeV/u)

4

Target: Carbon, p=1.65 g/cm?

(8

107 JAN -

Longitudinal Electron Distribution dN(x)/dx [1/4]

74
/ i
/ C (1 MeV/u) C(1 MeVi)}
i
i i
10° - o ; !
Entrance Surface Exit Surface
1 ] 1 1 1 1 1
3
10 a0 a0t 10° 1t 102 10 10t

Longitudinal Distance x [A]

FIG. 3. Longitudinal distributions dN(x)/x (from the MC
simulations) as a function of the distance x from the point of
primary ionization in the direction of the ion trajectory (for-
ward emission, right-hand side) and in the inverse direction
(backward emission, left-hand side). Ions as indicated (same as
in Fig. 2).
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tal yields are ¥ =120 for S, ¥ =70 for Ar, and y =45
for C. From both figures it can clearly be seen that the
Ar-induced electron distribution extends over much
larger distances. Ar induces electrons of much higher en-
ergy and range, since the maximum velocity of § elec-
trons depends linearly on the projectile velocity (about
4:2:1 for Ar, S, and C, respectively).

The present MC code can also be used to calculate for-
ward and backward electron yields. Primary ionization
occurs at a position x’ chosen arbitrarily in a target of
thickness d. All electrons liberated by primary or secon-
dary ionization events are followed from their point of li-
beration x’ inside the target, 0 <x'=<d, until they reach
either x =0 (backward surface) or x =d (forward sur-
face). Then, if their kinetic energy is higher than the
work function of ¢ =5 eV, they are considered as being
ejected into the vacuum and counted for the calculation
of the mean electron yields y¥¢ and y¥C. Results are
shown and discussed in Sec. V.

IV. EXPERIMENTAL SETUP

The experimental setup as shown in Fig. 4 is similar to
the one of Ref. [24] and has been described in more detail
previously [18,25]. The experiments were performed at
the “Grand Accelérateur National d’Ions Lourds”
(GANIL) in Caen/France. The Ar?* beams (13.6
MeV/u, g =16-18) were focused so that the beam spot
size on the target was less than 4 mm. Typical beam
currents were in the order of 1-10 particle nA. The ex-
periments were performed in standard high vacuum
(p~10"* Pa). We observed that electron yields de-
creased with time of exposure to the heavy ion beam (i.e.,
with the ion fluence) until a nearly constant value was
reached after typically 10—20 min. Similar observations
have been made in ultrahigh vacuum [3,26], but also be-
fore under standard vacuum conditions (see, e.g., [27)).
This is probably caused by evaporation of surface con-
tamination such as water and hydrocarbon molecules:
After a certain ion fluence, an equilibrium between
desorption and reabsorption from the residual gas is
reached. Also, modification of the surface structure has
to be considered [3,26].

Total yields ¥, can easily be obtained by measuring
the ion-induced target current I, and the ion-beam

Repeller
, ‘ Faraday Cup

FIG. 4. Experimental setup for forward and backward low-
energy electron yield measurements (schematic, for details, see
text).

current Ipc with a Faraday cup equipped with a repeller
(Uggp=—300 V) taking into account the mean final
charge g, and the incoming charge state g of the ions
[24]. The forward and backward electron yields (y 5 and
v r) have been obtained by directly measuring the current
of low-energy electrons, Iz and Iy, with two cylindrical
Faraday cups on the beam entrance (B) and exit (F) side
of the thin carbon foils as described in Refs. [18,25]. The
cups are held at a potential of +45 V, the target holder
and grids in front of the cups at —45 V in order to assure
complete collection of all low-energy electrons (E << 100
eV). However, electrons with energies exceeding about
100 eV which are emitted in extreme forward (0°-15°) or
backward (165°-180°) direction can escape from the
cups. Thus, the quantity

Ys=VYr—VsE (19)
with
Yse=YetYrF 20)

gives a qualitative information about high-energy (§)
electrons (E > 100 eV), whereas ygg is a measure of low-
energy (SE) electron emission. Error bars for low-energy
electron yields are in the order of £6-8 % [18,24,25].
The thin self-supporting target foils have been pro-
duced by standard evaporation techniques at the “Insti-
tut de Physique Nucléaire” in Lyon/France. A surface
barrier detector mounted under an observation angle of
14° with respect to the exit beam direction was used to
measure elastically scattered primary Ar ions and C
recoil ions in order to determine the relative thickness of
the carbon foils with an accuracy of about +10%. It was
observed that the thickness (or, more precisely, the num-
ber of scattering target atoms in a given beam diameter)
decreased with the ion fluence. This may either be
caused by sputtering or a change of target density. We
assume the density of our carbon foils to be p=1.65
g/cm®. This value has been obtained by an interfer-
rometric method and Rutherford scattering analysis [28].

V. ANALYSIS OF TARGET-THICKNESS-DEPENDENT
ELECTRON YIELDS WITHIN THE SEMIEMPIRICAL
MODEL: PRIMARY IONIZATION
VERSUS CASCADE MULTIPLICATION

The dependence of total (7T), forward (F), and back-
ward (B) electron yields on target thickness are shown in
Figs. 5-7 for Ar?" ions of incoming charge states g =16
(Fig. 5), ¢ =17 (Fig. 6), and ¢ =18 (Fig. 7). For compar-
ison, y 1 data obtained with Ni?®* (15.2 MeV/u) at UNI-
LAC in Darmstadt [29] have been included in Fig. 5 (la-
beled Ni). Both projectiles, Ar'®t and Ni%*", carry two
electrons in the closed K shell. Also shown are the low-
energy electron yields, ygg=v 5+ ¥, together with the
results of least-square fits of the sum of Egs. (9) and (10)
to the experimental data. Furthermore, the high-energy
d-electron yields y =7 r — ¥ sg are included.

We state that forward yields y  are always higher than
backward yields y g, for all target thicknesses and all
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FIG. 5. Total (T), forward (F), and backward electron (B)
yields as a function of target thickness (carbon foils) obtained
with fast heavy ions (Ar'®*, v, =23 a.u.,, E,=13.6 MeV/u) at
GANIL in Caen. Also included are ys=v—7yse (labeled &)
and ysg=v 3+ 7 (labeled SE), see text, as well as y data ob-
tained with Ni** (15.2 MeV/u) [29] (labeled Ni). Also shown
are the results of least-squares fits of Egs. (9) and (10) to the ex-
perimental values and to the low-energy electron yields,
Yse=YBt7Vr.
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FIG. 7. Same as Fig. 4, but for Ar'®* projectiles.

charge states. However, it is obvious that y, and vy,
show a quite different dependence on target thickness.
This becomes more evident in Figs. 8 and 9, which
present yp and yp for the three charge states
(g=16,17,18) as a function of target thickness d (note
the linear scale for the electron yields). Also shown are
fits of Eq. (9) to ¥ 5 in Fig. 8 and Eq. (10) to y in Fig. 9.
The backward yields increase with d, but—in compar-
ison to the forward yields—rapidly reach a saturation
value ¥ g( 0 ) (Which, however, depends on gq).

In contrast to the thickness dependence of the back-
ward yields y z(d), the forward yields y (d) do not cease
to increase within the target-thickness range studied
(4-360 pg/cm?). The fitted curves from the semiempiri-
cal model shown in Figs. 5-7 and in Fig. 9 suggest that a
saturation of ¥ is reached at about 400-500 ug/cm?.
This conclusion is supported by the total-yield data
shown in Fig. 7 for Ar!®* (5-700 ug/cm?, compare the
shape of the curves shown for ¥ and y ¢ to the increas-
ing total yield), and also by the total yield data for Ni**
of Fig. 5 (2-500 pg/cm?, at comparable velocity). It
should clearly be noted that only the combination of data
points and shape of the fit suggest the conclusion that the
forward yields saturate at about 400—500 ug/cm?. It
can, however, be expected that such a saturation must
occur. While the backward yields clearly depend on the
charge state of the incoming ions, i.e.,
ve(g=18)>vyz(g=17)>y5(q =16) (Fig. 8), no such
dependence can be stated for the forward yields y 5 (Fig.
9) within the estimated errors of +6-8 %.

The high-energy & electron yields are shown in Fig. 10.
Their dependence on d is similar to that of y: a strong
increase with d. Taking into account the saturation of
the total yields, we can assume that a saturation of
may be reached beyond ~400 pg/cm?. These  electrons
represent a fraction of =9-18 % of the total electron
yields. A striking result is that clearly no dependence on
the charge state g can be seen. This can be explained
easily, since these electrons result from close collisions
where screening by the projectile electrons does not play
an important role.

In order to discuss the dependence of the electron
yields on the target thickness (Figs. 5—10) in more detail,
we show in Fig. 11 the ratios of forward and backward
yields, obtained with incoming charge states ¢ =16 and
g =17, to yields obtained with ¢ =18. We denote these
ratios Ry p(d)=y £ p(q)/vFrp (18). These quantities al-
low one to study the influence of the projectile electrons
on electron yields in an easy way: if the charge state of
the incoming ions does not affect electron emission, a
value of Ry p=1 is expected. Additional electron emis-
sion due to the incoming electrons would lead to R 5 > 1
(as it has been observed with MeV/u molecular hydrogen
ions [24]), electron yield reductions (e.g., due to screening
of the projectile charge) lead to Rgp <1. Also included
in Fig. 11 are the backward and forward yields obtained
with Ar'®*. The mean charge (g )=17.85 of Ar at 13.6
MeV is close to Zp=18.

The following discussion elucidates an important result
of the present studies: By comparing bare and electron-
carrying high-velocity heavy ions, it becomes possible to
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FIG. 8. Backward yields Y for Ar at 13.6 MeV/u for the
three charge states (¢ =16,17,18) as a function of target thick-
ness d on a linear scale for the electron yields. Also shown are
fits of Eq. (9) to .

distinguish secondary electron production by high-energy
8 electrons (cascade multiplication, CM) from electron
production by primary ionization (PI), since electron pro-
duction is roughly proportional to dE /dx and thus to the
square of the effective charge g*(x) [14]. The depen-
dence of the effective charge on the penetration depth x
(which is due to electron capture and loss) determines the
electron production by PI.

From Figs. 8 and 11, we can draw the following con-
clusions on the backward yield (and Rp) dependence on
target thickness:

Region (I). For d <15-20 ug/cm?, one observes an in-
crease of both ¥z and Ry with d until constant values are
reached. This behavior depends on increasing electron
production with increasing target thickness, and possibly,
the evolution of the secondary electron cascade multipli-
cation caused by backscattered & electrons (see next sec-
tion).

Regions (II-1V). For d > 15-20 ug/cm?, the ratios Ry
are constant and equal to Rz( )=y g(0,q)/yp(x,18).
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FIG. 9. Forward yields Y for Ar at 13.6 MeV/u for the
three charge states (¢ =16,17,18) as a function of target thick-
ness d on a linear scale for the electron yields. Also shown are
fits of Eq. (10) to yf.
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ness d on a linear scale for the electron yields.

The incoming charge state (g) dependence is due to the
fact that for fast projectiles the initial charge state is con-
served over distances A, much larger than the charac-
teristic low-energy electron transport lengths A, <<A,.
In the present case, about 50% of incoming Ar!’" or
Ar'®t jons have changed their charge state to g; =18

after =~120 ug/cm? (to be compared to Ag~3 ug/cm?
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FIG. 11. Ratios of forward (and backward) yields obtained

with incoming charge state ¢ =16 and ¢ =17 to yields obtained
with ¢ =18, i.e., Rg 3(d)=v£p(q)/YFp (18). Also included are
the backward and forward yields obtained with Ar'®* (top). Ex-
perimental errors are estimated to be +(6—8)% for yields and
about +12% for the ratios R.
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see Table I). Thus, as the yields scale approximately as
y~[q(d =Ag)]* [12,14], we find Rp( 0 )=0.92 (0.84) for
g;=17 (16), versus [{g )(g;)/{q ) (18)]*=0.91 (0.81).

From Figs. 9 and 11, we can distinguish four regions
(labeled I, II, III, and IV) characterizing the forward
yield ¥y (and Rp) evolution with increasing target thick-
ness:

Region (I). Below ~10-15 pg/cm?, we are close to
single collision conditions and the incoming charge state
is conserved for most of the projectiles. Thus, the projec-
tile charge is screened by the electron(s) leading to lower
yields for ¢ =16 and g =17 (compare the above discus-
sion of the incoming charge state dependence of the back-
ward yields). The yields y always increase, because the
number of liberated electrons from PI increases with tar-
get thickness. The target is so thin that CM is just begin-
ning to start: most 8 electrons leave the foil without dissi-
pating their energy in the target.

Region (II). Between =~ 15 and 150 ug/cm?, the yields
v r and Ry increase strongly. Both charge changing (R,
leading to increasing PI electron production cross sec-
tions with increasing charge state) and CM account for
this.

Region (IIT). Between 150 and 400 ug/cm?, Ry values
are constant and approximately equal to 1, but the yields
still increase. The incoming charge state is “forgotten,”
the mean charge nearly 18, and PI electron production
per unit path length is constant. The additional fraction
of low-energy electrons leading to increasing yields must
be due to the evolution of the low-energy electron CM in-
duced by fast electrons from deeper layers.

Region (IV). Atd >400-500 pg/cm? v and Ry have
reached constant values: both charge equilibrium
(dq=450 png/cm?) and full development of the secon-
dary electron cascade induced by high-energy § electrons
[ys( ) for d >400-500 pug/cm?] are reached.

Finally, let us note that R (d = o) should not depend
on the initial charge state. Thus, the deviation from uni-
ty, Rp(e,g=17)=1.04 and Rp(w,q=16)=0.92 is
compatible with and a measure for the experimental error
of +6-8 % for the yields. However, for analysis within
the semiempirical model, it is rather the shape of the
yield curve than its absolute value which is important.

TABLE I. Electron transport lengths from analysis of the ex-
perimental data (A diffusion length of low-energy electrons, A
transport length of fast electrons) and from the numerical (MC)
simulations (for fast electrons: A}C radial, A} longitudinal for-
ward, A€ longitudinal backward). Also, the partition factor B,
[see Sec. 11, Eq. (1) for definition] is included.

Zp 10Ne «C 165 18AT
Ep /Mp
(MeV/u) 0.1 1.0 3.9 13.6
Bs 0.42+0.03 0.54+0.05 0.59+0.05 0.55+0.02
As (A) 17+3 14+2 180+15
As (A)  <<200 300426  1200+£50 9000680
ANC (A) 70 450 2600
AME (A) 3 15 56
AMC (A) 80 570 4000
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To complete the results on the target thickness depen-
dence, in Fig. 12 we show forward- and backward-
electron yields as calculated with the MC simulation (la-
beled MC) described in Sec. III. Also shown is their sum,
the total electron yield y¥=9¥C+9MC a5 a function of
carbon target thickness. The collision system is Ar!’"
ions at 13.6 MeV/u on carbon foils. Also included are
experimental results for the total yields y ; and the back-
ward and forward yields y  and ¥ .

When comparing the experimental forward and back-
ward “low-energy electron yields” to the calculated ones,
one has to keep in mind that the simulated yields also
contain the high-energy electrons of E > 100 eV, which
are not collected by our experimental setup. It would,
however, in principal be possible to introduce an upper
cutoff energy as a boundary in order to calculate ‘“low-
energy electron” forward and backward yields. Since it
would be somewhat arbitrary to introduce such a bound-
ary (E) (see above), we prefer to show the yields calcu-
lated without such a boundary and including all elec-
trons. When comparing them to the experimental for-
ward and backward yields, one has to keep in mind that
they may be up to about 15% higher due to contributions
of the fast electrons. The difference can be expected to be
less important for the backward yields than for the for-
ward yields, since most of the fast electrons are emitted in
forward direction.

The experimental data for total yields vy ,(d)
=ypt+vr+vs agree within 30% with the calculated
yields y¥<(d)=y¥C+yMC,  Also, the evolution of the
yields with target thickness is reasonably well repro-
duced: simulated backward yields are found to be in-
dependent of the target thickness, forward yields increase
strongly. In view of the fact that specific heavy ion relat-
ed effects, as for example, the trapping of electrons in the
ions wake (as described in Sec. II), are not included in the
simulations, this is a promising result. The specific prop-
erties of heavy ions are only taken into account by intro-
ducing an effective charge.
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FIG. 12. Calculated (from the numerical MC simulations)
forward and backward electron yields and their sum, the total
electron yield y¥¢=y¥°+y¥C as a function of carbon target
thickness for Ar'’" at 13.6 MeV/u. Also included are experi-

mental results for the total yields y 7.
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VI. ELECTRON TRANSPORT LENGTHS
FROM THE SEMIEMPIRICAL MODEL
AND NUMERICAL SIMULATIONS

As discussed in Sec. II, the measureinent of the target-
thickness dependence of electron yields allows the appli-
cation of the semiempirical model Egs. (9) and (10). The
diffusion length for low-energy electrons Ay and the lon-
gitudinal transport length for high-energy electrons A as
obtained from curves fitted to our experimental Ar data
(shown in Figs. 5-9), are summarized in the last column
of Table I.

In order to obtain a first approach for a “‘characteristic
transport length” A| in the direction perpendicular to the
ion trajectory, the most reasonable procedure seems to
utilize the first moment of the calculated distribution
dN (r)/dr (Fig. 2)

fom[dN(r)/dr]r dr
[ 1ansdriar

AMC= 1)

Longitudinal transport lengths can be obtained in com-
plete analogy to the procedure described above from the
first moments of the longitudinal distributions dN /dx
shown in Fig. 3. From the right-hand side of Fig. 3, we
obtain transport lengths in forward direction (AYC) and
from the left-hand side of Fig. 3 transport lengths for
backscattered 8 electrons in backward direction (A{MC).

In order to study the velocity dependence of all the
quantities characterizing electron transport in solids from
heavy ion induced electron emission yields, we have in-
cluded previous work with Ne (0.1 MeV/u) [18], C (1
MeV/u), and S (3.9 MeV/u) ions [12] in Table I. Shown
are Ag, As, AMC (radial), AYIC (longitudinal, forward), AMC
(longitudinal, backward) obtained for carbon targets.

From Eqgs. (9) and (10) we can additionally extract the
partition factor Bs, which we also included in Table I.
We find from our measurements, in good agreement with
the equipartition (B5=~0.5) expected for high-velocity
ions [13] Bs (Ar at 13.6 MeV/u) = 0.55+0.02. This
means that although high-energy electrons represent only
about 15% of the total electron yield, slightly more than
50% of the projectile kinetic energy lost by ionization is
transferred to them. Similar values of B5 have been found
for fast projectiles, i.e., B5(S at 3.9 MeV/u) = 0.59+0.05
and B5(C at 1 MeV/u) = 0.5410.05. At lower velocities,
but above the threshold velocity for plasmon excitation,
the role played by collective excitation processes related
to soft collisions with large impact parameter
(B; =1—5) becomes more and more important, and con-
sequently Bs is smaller (=0.42) for Ne at 0.1 MeV/u.
Also, the mean energy of the electrons decreases with de-
creasing projectile velocity, and thus the secondary elec-
tron cascade becomes less important.

Coming back to the discussion of the characteristic
transport lengths obtained from the analysis of the
target-thickness dependence of electron yields within the
semiempirical model, we state that their values are found
to be much larger in the case of Ar (13.6 MeV/u). The
diffusion length of low-energy electrons is found to be
As=(180420) A=~3 ug/cm® (to be compared with
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Ag=15 A for S and C) and the transport length of fast
electrons is Ag=(9000+680) A=150 ug/cm?.  Taking
into account that Az;=300 A for C at 1 MeV/u and
As=1200 A for S at 3.9 MeV/u, we observe a strong in-
crease of Ay with increasing projectile velocity. This is
reasonable, as the maximum momentum transfer and the
mean electron energy and, consequently, the range of
the fast electrons increase with projectile velocity
vp(Ar)=2vp(S)=4vp (C). The same behavior is found
for the velocity dependence of the radial lengths AMC.

From the numerical simulations (MC), we obtain
values AYC which are about three times smaller than Ag,
but which show the same dependence on the projectile
velocity. This is a confirmation that both quantities, A
and AMC, give us an idea of the range and transport
length of 8 electrons. However, they cannot be compared
directly in a quantitative manner. Remember that ac-
cording to the definition of Ag within the semiempirical
model, at x =Ag, about 67% of  electrons have deposited
their energy in low-energy SE cascades, and that AMC
corresponds to the first moment of the calculated longitu-
dinal electron distribution.

The values for the radial lengths AMC give an estimate
for the radial range of ion induced energy deposition and
damage in materials, the so-called ultratrack. We see
from Table I that the fast Ar ions of 13.6 MeV/u can in-
duce damage over radial distances as large as 400 nm,
compared to less than 10 nm at 1 MeV/u. It would be in-
teresting to study the vp dependence of the quantities
summarized in Table I for a given heavy ion (fixed Z) in
a large velocity range (0.1-100 MeV /u).

The large value of Ag=180 A found with Ar (13.6
MeV/u) is surprising, since the isotropic diffusion of
low-energy electrons should mainly depend on the target
material and not on the projectile type—or velocity.
This is indeed what is found for C and S at lower projec-
tile velocity. Probably, the large Ay value at 13.6 MeV/u
could be explained if diffusion of 8 electrons in the back-
ward direction was taken into account. Following again
Sternglass [13], this can be done by using a more realistic
S-electron energy dissipation and diffusion function than
Eq. (6). We have to introduce a third transport length,
As, for energy dissipation in the backward direction (op-
posite to Ag). At high projectile velocity leading to high
S-electron energies, it is possible that a considerable frac-
tion of these electrons undergo a few large-angle scatter-
ing events and finally propagate in the backward direc-
tion with enough energy left to create secondaries.

The modified diffusion function is given by
Ay

+.__..
As

1

f(x,}\.:s,)\,g): )L,S

(22)

5
i

[l—exp

Unfortunately, when replacing Eq. (6) by Eq. (22), the in-
tegration of Eq. (8), which is still feasible [17], results in
an expression far less simple and elegant as Egs. (9) and
(10). Possibly, the relatively slow increase of y z(Ar) with
d (Fig. 8) is due to the fact that the slope of the nonequili-
brium backward yields are defined by A5 and not by Ag.
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The results of the numerical simulations for AMC strong-
ly support this idea: a much larger value is found for Ar
than for C or S.

VII. PROJECTILE DEPENDENCE: RELATION
TO dE /dx

As already mentioned in Sec. II, strong deviations from
a simple scaling of electron yields with the electronic
stopping power (y ~dE /dx) have been observed with
heavy ions [11,17,18,30]. With one exception (see Table
I), electron yield reductions Cg (Z,) <1 [Eqgs. (14)-(16)]
have been reported. It is particularly surprising that
strong reductions have even been observed with fast, bare
ions (Z,=1-8) at high velocities (5 MeV/u) with thick
gold targets [11]. In this case, the effective charge of the
ions is close to their nuclear charge, and electron produc-
tion should scale as the stopping power does, i.e., with
Z pz. Borovsky and Suszcynsky recently proposed a
theoretical model based on the concept of “electron trap-
ping in the wake” [11] which reproduces the experimen-
tal results up to Z, =8 and vp =5 MeV/u, as discussed in
Sec. II. The main result of this theory is expressed by Eq.
(17) and can easily be introduced in the semiempirical
model Eq. (14).

In order to compare the available experimental results
to these predictions, we compiled data on electron emis-
sion up to 15 MeV/u with carbon targets. Included are
the factors C(Zp,vp) as defined by Egs. (14)-(16) for to-
tal, forward, and backward electron yields (indicated, as
usual, by the indices T,F,B). The factors C(Z » ) have the
same physical meaning as the quotients

A}’B’F(ZP,UP):Yng,p/(dE/dx) (23)

(which we have also included in Table II), but are simply
scaled and measured in units of A(H"). We mention that
stopping power tables should be used with care if electron
yields are to be compared to the stopping power by calcu-
lating the factors Egs. (14) and (23). In particular at low
projectile velocities, it should be carefully checked wheth-
er extrapolated dE /dx values really reproduce real stop-
ping power values. However, this is a minor problem for
MeV/u ions [31].
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From the data shown in Table II, no strong increase of
the reduction effect with Z, for the different ions at com-
parable velocities (Ne, S, and U around 3.5 MeV/u) can
be observed. At about 15 MeV/u, however, the effect is
stronger for Ni than for Ar. For Z,=20, the model [11]
predicts much stronger reduction effects (in an order of
magnitude of Cz=0.1), and this is clearly in contrast
with the experimental values. We note that the calcula-
tion of the track potential ¢rg from Eq. (17) from back-
ward yields for carbon targets results in values of one or-
der of magnitude smaller than values deduced from the
figures given in Ref. [11] for gold targets.

The reduction effect is always stronger for backward
than for forward emission. Furthermore, it seems that
with increasing projectile velocity and increasing projec-
tile charge or atomic number, the reduction effect disap-
pears in forward direction: even an enhancement Cp > 1
is observed. This is probably due to the increasing con-
tribution of 8-electron induced secondary cascade multi-
plication in combination with increasing mean electron
energy. For details, see the discussion in Ref. [9] on this
subject. This is also the reason why at the end of Sec. II
we did not introduce the reduction factors given by the
attractive track potential model in a straightforward way
in the forward-electron yield formula.

In conclusion, because of the lack of systematic studies
on the vp dependence of the “yield reduction effect” for
fixed Zp in a large velocity range (0.1-100 MeV/u), no
final conclusions on the validity of the model [11] can be
drawn. It is even possible that a saturation of C(Zp)
may be found as a function of Zp for given vp, as it has
been observed at lower velocities [14,30]. We would final-
ly like to mention that up to now, the reduction of low-
energy electron emission has been explained by a screen-
ing of the projectile charge by the projectile electrons and
by target electrons in metal [3]. However, a variety of
other mechanisms have been discussed in order to explain
reduction effects, but it is still unclear to what extent
each of them contributes. We mention changes of the
surface barrier height caused by a charging up near the
ion track [10], an interaction of the ion wake with the
surface potential [25] and the reduction of the electron
production probability due to a high density of electron-

TABLE II. The factors C(Zp,vp) as defined by Egs. (14)—(16) and the quotients A*(Zp,vp) as
defined by Eq. (23) for total, forward, and backward electron yields (indicated by the indices T, F,B) as
well as the track potential ¢y as calculated from backward electron yields from Eq. (17).

Zp H 10Ne 6C 165 10Ne 9U 9U 18AT 28Ni
q 1 1 6 16 10 38 68 18 26
Ep/Mp (MeV/u) 0.02-9.5 0.1 1.0 3.9 5 3.5 8.5 13.6 15.2
A7 [ug/(keV cm?)] 11.95 5.1 8.3 8.8 56 133 126 9.1 5.5
Ap [ug/(keV cm?)] 6.55 3.28 4.52 4.4 9.0 10.0 5.15
Ap [ug/(keV cm?)] 5.45 1.82 3.14 1.2 43 2.5 2.44
Cr 1 0.43 0.69 0.73 047 1.11 1.05 0.76 0.46
Cr 1 0.5 0.69 0.67 1.37 1.65 0.78
Cp 1 0.33 0.58 022 0.79 046 0.45
érr(V) 51 258 20 87 91
Reference [16] [18] [12] [12] [6,9] [9] [9] [This work] [29]
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hole pairs (which then no longer remain uncorrelated)
[10].

VIII. CONCLUSION AND OUTLOOK:
DOUBLE DIFFERENTIAL ELECTRON SPECTRA

The measurement of electron yields allows the indirect
determination of the characteristic transport lengths of
high-energy electrons. For more detailed information,
spectroscopy studies are needed. To our knowledge, the
only systematic measurements of energy and angular dis-
tributions induced by swift heavy ions have been per-
formed by Schiwietz and Schneider and co-workers at
VICKSI in Berlin with Ne ions and at the Super HILAC
in Berkeley with U ions (3.5 and 8.5 MeV/u) [6-9] with
thin carbon foils (5-100 pg/cm?). Consequently, we
measured the evolution of double differential electron
spectra d*y(0)/dv,dQ (E=1-40 keV, 6=0-180°) with
carbon target thickness for Ar!’*, Ar'®* (13.6 MeV/u).
As an example, we show in Fig. 13 the angular depen-
dence of 8-electron spectra for Ar'’" penetrating C (4.4
ug/cm?) at observation angles 0°<@<80°. Further re-
sults will be published elsewhere.

Shown in Fig. 13 is the measured intensity as a func-
tion of the electron velocity v,. These spectra, if integrat-
ed over all angles, would correspond to a fraction of
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FIG. 13. Doubly differential electron spectra obtained with
Ar'" (13.6 MeV/u) at different observation angles 0° <6 < 80°
from a thin carbon foil (d =4.4 ug/cm?) as a function of the
electron velocity v,. The expected velocity vgg =2vpcos6 corre-
sponding to the maximum of the binary encounter (BE) electron
peak is indicated by arrows and shown as solid line in the inset
in comparison to the experimental values obtained from the po-
sition of the BE peaks.
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about 15% of all emitted electrons (compare ¥ in Figs.
5-7,10). The spectra, taken with a magnetic spectrome-
ter [29], show three main structures. At the low-energy
side, electrons from target ionization can be observed.
Their distribution extends towards v, =0 with a max-
imum at some eV [3]. The sharp peak around v, belongs
to “convoy” electrons in low-lying projectile continuum
states from electron loss or capture. It disappears slowly
with increasing angle, but it can be observed up to
6=20°.

The high-energy peak at 2vp stems from “binary en-
counter collisions.” If electron transport phenomena are
small, i.e., for sufficiently thin targets, its width
represents the initial target electron momentum distribu-
tion (COMPTON profile). The angular dependence of the
maximum should follow the law vgg =2vpcosf. These
theoretical values are indicated by arrows. Surprisingly,
we observe slight deviations from this law at large angles
6=>40° as it has been observed in ion-atom collisions at
lower energies, too [32].

In conclusion, we have studied electron emission from
thin solid foil targets induced by swift heavy ions by
means of electron yield measurements, numerical (MC)
simulations, and electron spectroscopy. As an important
result, due to the high velocity of the heavy ions used in
the present studies, it became possible to distinguish
secondary electron production by high-energy 6 electrons
(cascade multiplication) from electron production by pri-
mary ionization events.

By combining the experimental results with the numer-
ical simulations, we have obtained electron transport
lengths of high-energy & electrons and also diffusion
lengths of slow “secondary” electrons. These transport
lengths are a measure for the range of energy deposition
by electronic excitation in matter bombarded with heavy
ions. Numerical simulations may further enlighten the
relation between 8-electron emission and the ion track
structure. In this respect, it is necessary to improve the
numerical simulations. The first results presented here
are promising, and further development of MC simula-
tions thus will provide a useful tool for testing, estimating
and predicting experimental outputs [20].

In future experiments, well-defined solid surfaces are
necessary and thus, elaborated surface controlling and
preparation technology is indispensable. Therefore, we
are developing a new experimental ultrahigh vacuum
equipment. Further insight in the physics of electron
emission and thus ion-solid interaction will be obtained
by measurements with heavier particles and by extending
studies to higher energy (the 10—100-MeV/u region) for
heavy ions with both gaseous and solid targets. Also, the
recent development of high-energy beams of heavy ion
clusters (such as C,* and Au,™) leading to increased
density of energy deposition at tandem accelerators in
Orsay and Erlangen could open a promising new field of
investigations [33].
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