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Transport theories applied to the study of convoy-electron production

M. L. Martiarena and C. R. Garibotti
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8400 Sariloche, Argentina
{Received 4 September 1990)

We write a transport equation for the electrons produced when atomic or ionic beams traverse a foil.
We consider that the electrons are produced inside the solid by the electron loss and capture-to-
continuum mechanisms. They lose energy by inelastic collisions with the target atoms and are deflected

by elastic scattering. We study the electron distribution for H and H+ projectiles on carbon foils for
different thicknesses. We obtain a description of the electron-velocity spectra in the forward direction
that agrees with the experiments. Studying the ratio between the intrinsic convoy-electron height and

the nonconvoy-electron or "background" intensity, at convoy-electron velocity, we obtain a constant be-

havior for different target thicknesses.

PACS number(s): 34.10.+x, 79.20.—m

I. INTRODUCTION

In the electron spectrum resulting from ion —solid-foil
collisions, a sharp peak is observed in the forward direc-
tion centered at the same velocity as the incident ion.
These electrons that travel away with the ion are called
"convoy electrons. " The origin of that process is an in-
teresting subject of discussion, and several models have
been proposed [1]. Dettmann, Harrison, and Lucas [2]
consider a single-collision model where the ion captures
one electron into a continuum state (ECC) in the last lay-
er of the foil. This is only qualitatively true, for
sufficiently fast protons and thin targets. As a foil never
presents a thin target, the electron loss to continuum
(ELC) must be considered as a competing process [3].
This ELC process will be effective even for bare incident
projectiles.

A completely different model for the production of
convoy-foil electrons considers collective properties of
the valence-electron plasma in a solid [4]. If the projec-
tile velocity is greater than the Fermi velocity vF, it is
possible that a perturbation of the plasma density stays
behind the ion. This perturbation consists of an alter-
nately enhanced and depleted electron density relative to
the mean density in the medium, creating regions of neg-
ative and positive potential. This wake accompanies the
ionic projectile and can trap the electrons into bound
states. The production of convoy electrons originating
from this "wake-riding" model can be considered as a
special case of ELC [3].

The shapes and intensities of convoy-electron spectra
as a function of projectile species, energies, and electron
ejection angles have been extensively studied experimen-
tally, for foil targets thick enough to attain projectile
charge equilibrium [5]. Recently, experiments have been
made to study the convoy-electron production when the
charge state of the emergent beam is out of equilibrium
[6—11]. The typical convoy cusp is observed when bare
ions interact with thin target foils, and it almost does not
change with increasing foil thickness. When the projec-
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FIG. 1. Three-dimensional plot of logarithmic absolute num-
bers of electrons emitted at 0' from carbon foils after H and H+
(3 MeV} itnpact, as a function of the target thickness px [11].

tile bears bound electrons an additional hump appears for
intermediate foil thicknesses, which broadens and is shift-
ed to low velocities for increasing thickness, as shown in
Fig. 1.

Some models have been proposed to describe the two
observed features. Yamazaki and Oda [12] consider that
the electrons lose their correlation to the moving beam in

4386 Qc1991 The American Physical Society



TRANSPORT THEORIES APPLIED TO THE STUDY OF. . . 4387

the solid by collisions. Part of these electrons emerge
from the surface with a velocity distribution centered in
the zero-velocity peak, constituting a background spec-
trum. The ions in the beam capture electrons from this
distribution to produce the convoy peak. They find that
the ratio between this "intrinsic" convoy-electron (ICE)
peak height to the background yield (BE), for v=v;, is al-
most independent of the target thickness, as shown in
Fig. 2(b). Barrachina et al. [13]assume that convoy elec-
trons are produced inside the target by the ELC process
and su6'er elastic and inelastic collisions with the atoms
before exit. This gives a general description of the for-
ward spectrum but does not give a constant ratio between
convoy and background electrons as obtained by Yama-
zaki and Oda [12].

In this paper we introduce a transport theory for the
problem. We consider that the ion —solid-foil interaction
can be modeled as a beam which collides with a gas rnedi-
um. The transport equation that we study is obtained
starting from the Boltzmann equation for several species
with creation and removal events [14].

We analyze the allowed channels in the beam-gas col-
lision and introduce some simplifying assumptions. The
electrons are supposed to be produced by ELC and ECC
inside the medium, and are scattered and lose energy by
elastic and excitation collisions with the atoms of the
medium.
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FICx. 2. {a}The ICE peak height; {b) the ratio of ICE peak
height to the BE intensity at the ICE peak energy, IKE/I&E,
and (c} the modified ratio U;I«E/I&z as functions of dwell time
[12].

II. TRANSPORT EQUATION
FOR THE DISTRIBUTION FUNCTION

We consider a mixed beam of atoms and ions which

collides with a medium of atoms at rest. We will consider
the stationary regime. The Boltzrnann equation describ-

ing the evolution of the distribution function of each
species i, without external forces, is

with

B[f;,f, ]=fdwdv'dw'W"(v, w~v', w')

X [f;(v', x, t)f, (w', x, t)
—f;(v, x, t )f)(w, x, t )]+5 (2)

where 5 represents sources, N is the number of species,
W'~(v, w~ v', w') is the transition probability for the ij re-
action channel, which can be expressed in terms of the
corresponding diff'erential cross section dcr' (g, g g')/dv,
v and w are the velocities before collision, and v' and w'
those after collision. The v, w, v', and w' are connected
by the laws of conservation of momentum and energy.
We call g=m;v —m w and g'=m;v' —m. w' the relative
momentum of particles, where m; and mj are the masses
of particles.

The bulk plasmon peak has not been observed in the
lower-energy side of the cusp-shaped spectra [15]. Then,
as in Refs. [11] and [13],we will not consider the collec-
tive oscillations or plasmons of the dense electron gas of a
solid in the volume. The model here proposed only in-
cludes collision between individual particles.

The involved species are ions (I) and atoms that travel
with the beam (A), atoms at rest (8) and electrons (e).

The possible collisions channels are as follows:
(a) I+8 +I+8 elastic—diffusion (cr"),
(b) I+8 +I+8 + +e io—nization (cr''),

(c) I+8—+ A +8+ electron capture (cr"),
(d) I+8~I+8 * excitation (cr &), [
(e) A +8~A +8 elastic diff'usion (cr"),
(f) A+B~ A +8++e ionization (cr"),
(g) 2+8~2+8' excitation (cr,&'),
(h) A +8 +I+8 +e elect—ron loss (cr'),
(i) e+8 ~e+8 elastic diff'usion (cr"),
(j) e+8 ~e+8 * excitation (o &'), and
(k) e+B~e+8++e ionization (cr"), where we indi-

cate in parentheses the notation we will use for the
respective cross sections.

We assume that the convoy electrons are produced in-
side the solid, when the ions and atoms in the beam col-
lide with nonexcited target atoms at rest, by electron loss
and capture to continuum processes. These convoy elec-
trons act as a beam of electrons inside the solid and modi-
fy their velocity in magnitude and direction by inelastic
and elastic collisions with target atoms. These collisions
inside the solid are represented by the channels (i)—(k).

The electron distribution has axial syrnrnetry around
the incident beam direction, along the x axis normal to
the foil. The beam is wide and the variation of the elec-
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tron distribution will only be in the x direction. There-
fore the evolution equation for the distribution function
of the electrons is

u„=H(v, x ) P(—v )f, (v, x )+G(v, x ) .
Bx

The function H(v, x ) represents the electron source:

d CT do
H(v, x )=nlnii +ngn~

dv dV

(3)

M is the target mass and E; and EI are the electronic en-
ergies in the initial state and the excited final state f, re-
spectively. We use atomic units.

The function P(v) accounts for the loss of electrons of
velocity U by elastic and inelastic collisions between elec-
trons and target atoms at rest. It is

P(v)=n~ f [W"(v,w~v', w)++W'~(v, w~v', w')]
f

U; is the beam velocity, nz and nI are the charge frac-
tions of the neutral atoms and ions in the beam, respec-
tively; nz is the density of atoms at rest in the target.
The difFerential cross sections, der'/dv and do "/dv, cor-
respond to channels (b) and (h), described above, respec-
tively.

We define the spatial variable x'=n~x and from now
on we note x' —+x.

The functional form of n~ has been obtained by Al-
lison [16]:

( )
—

( )( 1
—(n +cr")x)+ (P)

—(a +cr )x

where

n„(00 ) =[cr"/(a "+o")]nH,

n, (x)=n~ n, (x) .—

If we analyze the collision between the electron and the
target atoms, the conservation equations of momentum
and energy are

v'+Mw' =v+Mw,
v' +Mw' +2E.=v +Mw +2E

,tion, and do,&'/dv is that for inelastic processes includ-
ing excitation and ionization of target atoms by electron-
ic impact.

The loss term, considering elastic and inelastic process-
es, may be calculated from (9)—(11), resulting in

P(v)=u o "(v)+go ~/'(u)

f
(12)

in terms of the total cross sections.
The function G(v, x ) considers the gain of electrons of

velocity v, produced by the above-mentioned processes,
and is

6(v, x )=G'+ G'= 6'++6'/.
f

6'~are the inelastic gains:

(13)

G' =nz ff, (v', x)5(w')W'(v, w~v', w')dwdv'dw' .

(14)

G' is the elastic one:

G '= n~ ff, ( v', x )5(w') W'( v, w
~

v', w')d w d v'd w' . (15)

Equations (3), (4), (9), and (13) determine the spatial
evolution of the distribution function. These equations
are similar to those in the beam slow down; the main
difference is the source term.

In the following we discuss the simplest model which
can describe the experimental data considering the exci-
tation channels alone. At present, a better quantitative
and realistic description including the electron-atom ion-
ization channel appears to be a formidable task, even
though highly desirable, in view of the mathematical
complexity that it introduces. Corrections due to the
ionization processes are therefore an open question and
presently under investigation. We focus here on the
inQuence of the atom-excitation channels on the trans-
port of the electrons.

We consider that the excitation cross section mainly
contributes for small dispersion angles [17]and we do not
take into account the atomic recoil. The final form of
6'(v, x ) is

with

X 5(w)d w d v' 1w' (9) 6'(v, x)=gf, ((u +26,EI, )',8,x)
f

X ( u +2i(,E . )
' ~ o ~'(( v + 2gE; )

' 2
) .

W"(v, w~v', w')=g ', 5(v'+Mw' (v+Mw))—dv'

X5(u' +Mw' —(u +Mw ))

and

der,/'(g, g.g')
W'~(v, w(v', w') =g, 5(v'+Mw' —(v+Mw))

V

X5(v' +Mw' —(v +Mw +DE&)) .

AE& is the energy difference between the final f and ini-
tial i states, do "/dv' is the elastic differential cross sec-

o.,&' is the total excitation cross section from the initial
state i to a final state f.

The electron velocities considered experimentally are
within 7~U; ~11 a.u. Meanwhile the excitation energy
steps for the outer electrons of C atoms are AE&; ~0.4
a.u. In that case we can approximate
(u +2bE&; )'i =—u+bE&;/u.

If we consider the conservation of momentum and en-
ergy equation, the elastic gain term. is

6'(v, x)=u ff, (u, Q', x) ', ' dQ' .do "(v,Q, Q')
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0' and Q are the directions of electron motion before and
after the collision, respectively.

Assuming that the atoms are initially at the ground
state, i =0, the approximate equation for the evolution of
the electronic distribution function reads

=H(v, x ) f,—(v, x )u gcrof'(u)+cr"(u)
. f

+gf, ((u +25Efo)'~, 8,x )
f

Xo.ee((u2+2+E )i/2)(u2+ 2+E )iI&

where

21TZ

Iv —v, I

1 exp
2m.z

Iv —v, I

(21)

H(v, x ) =f,h (u, x ) /(uu„),

h(x) =(ye "+p),
where

(22)

s, and s& are constants which are determined by the pro-
jectile charge Z and target material, and U; is the beam
velocity.

Replacing (5), (6), (19), (20), and (21) in (4), we obtain

This is an evolution equation for the transport inside the
solid of the electrons produced by the beam. It provides
a simple solvable model, which, however, does not in-
clude all the possible processes inside the solid. In the
next section we will show that it is able to describe the
experimental observations.

p= (s,o."+sio")/o,
CT =CT +0

For a neutral initial beam, we have

y=(si —s, )o'/cr .

(23)

(24)

III. RESULTS

1

=s,f, u
E/V

der

dv

(19)

(20)

To solve (18) we have to introduce some assumptions.
In the source term H(v, x ), we propose that the ioniza-
tion (d o'/d v) and the electron loss (do' /d v) diff'erential
cross sections are mainly determined by the Coulomb fac-
tor f, and the soft electron peak. We will assume ap-
proximate shapes:

If there are only ions in the incident beam:

y=( —s, +s, )cr"/cr . (26)

Now, we solve (18) using the finite difference method.
We study the electron emission -in the forward direction,
i.e., 8=0. In that case the elastic gain can be neglected
since there is a small probability that the elastic collision
of the electronic beam with the background atoms add
particles to that beam.

With that method the electron distribution function
reads

F,(u, x )=
—(0 /U, . )x

(ye ' +P)2~ —p( )F.(',— )
Iu —u; I [1—exp(2~/lu —u; I ) ]

+QF, (u+KEf,. /u, xj, )zcrh'(u+bEf", /u)(u+EEf";/u) +F,(u,xj, )
h

U
(27)

where ~ is the parameter that accounts for the truncation
of the sum over the excited states, as mill be explained
below.

The numerical calculation of this equation must omit a
neighborhood of the divergent point v=u;. Inside the
range u; —5 ( u; (u;+5 (5 defines a small velocity range),
the distribution function is described by an E, function
defined by

E(ux)=f (T+Be " +Ce )/u,

P(u) '

[P(u) —o u„]
8= —(T+C),

(29)

(30)

BE,u„' =f, (ye "+P)/u E,(u, x)P—(u) . (28)

where we choose x =0 as the entrance surface of the ion
beam.

Both solutions must be coupled, that is,
This E, approaches the electron distribution for
u H [u; —5,u;+5] and gives the convoy-electron distribu-
tion. The solution of (28) is

cc(5)F,(u, x), u & u;
—5, u ) u, +5

E,(u, x), u, —5(u (u, +5 ., (u, x)= '
(31)
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To determine the factor a(5) we study the electronic
density evolution. We start from (18), neglecting elastic
gain and making the integration in velocity:

J u du= J du H(v, x) f,—(v, x)P(u)
ax

+gf, (u+ (AE&; /u ),x )
f

X o &'( u + ( b,E&; /u ) )

z 4 z z~Z U sin —+v (32)

The screening v is determined by the Thomas-Fermi
model, dQ is the differential of solid angle, and Z the
projectile charge. The total elastic cross section, calculat-
ed using the Thomas-Fermi method, is [18]

ee ~ Z4/3/ 2 (33)

The total excitation cross section for high-energy elec-
tron collision in the Bethe [19]description is

og()=(a/lnE+b/)/E . (34)

af and bf are related to the oscillator strength, and for
optically forbidden transitions af =0.

Lacking experimental data for the excitations of C
atoms by electron impact, we consider the theoretical re-
sults obtained by Ganas [20] for the transitions 2p ns, -

2p-nd, and the optically, forbidden 2p-np, when collision
electron incident energies are smaller than 5 KeV. We do
a Pano plot from the curves describe by Ganas and by a
least-squares 6t we obtain, for each transition, the af and
bf values. These values are

S,E&; (a.u. )

4s
5s
3p
4p
3d
4d
5d

0.127
0.0363
0.0
0.0
1.114
0.525
0.235

0.219
0.0915
3.2
0.852
0.234
0.0225
0.164

0.3559
0.3822
0.3370
0.3705
0.3614
0.3832
0.3941

X [u+(b,EI;/u )]

Substituting here the solution (31) it is possible to obtain
the equation for a(5):

I du G(u, x )du
a(5) =1+ I 'H(v, x )dv

with j'= f' '+ j" s, and f~= f",+s and G(u, x) is
the gain term where f, is replaced by E, ( u, x ). Evalua-
tion shows that u=-1 to order 10,for 5-=10

We will compare our model with the experimental data
for electron production by a beam of H and H+ at
3 MeV colliding with carbon foils.

A numerical study of (18) requires the elastic and in-
elastic cross sections. The differential elastic cross sec-
tions is [18]

However, the remaining excitation transitions cannot
be neglected. We assume that they can be taken into ac-
count by a factor ~ that m.ultiplies the theoretical value of
cTof in first approximation. Therefore the inelastic mean
free path is given by

X; —= 1/ rgo. o/(u, )

f
For free electrons in C A, ,

=—17 A (for u; =10.96 a.u. ) and
it results in ~=-2.25, but this value is not applicable to
the convoy electrons considered here, and ~ should be as-
sumed as an additional parameter. This maintains the
energy dependence given by (34). The transport length
for the convoy electrons is

A,, =u /P(u)=(A, , '+A, ,
')

In the source term we adopt for o', o.", o,„and aI the
values given by Koschar et al. [11],that is

0-, =14.1X10 "cm'/at

+c =0.024, tx

which we relate to s, and s& by

s =I 0! g, sh =L BIO

For comparison with the experiment the distribution
must be convoluted with the resolution of the equipment.
We make this convolution using the method of Dettman,
Harrison, and Lucas [2] considering the angular resolu-
tion of 0.1' and a momentum resolution of 0.7%. We
denote by F(u, x) and E(u, x) the distributions resulting
from the convolution of F, (u, x) and e, (v, x), respectively.

Comparison of E(u, x) with the experimental convoy-
electron yield at x~ ~ gives L, =6 and X, =6.2 A. In
Fig. 3 we graph the function E with the above
coeKcients; it its the absolute number of the intrinsic
convoy-electron (ICE) yield; the experimental points cor-
respond to Ref. [11].

A value for the e-C elastic cross section must be fixed
in (17). No experimental determination is available and
we use the value given by a 6rst-order perturbative ap-
proximation in the Thomas-Fermi model. This gives
o."=0.37 a.u. , that is, k, = 100 A, at the considered ener-
gy.

In Fig. 4 we show the calculated electron distribution
function for the collision of H, at 3 MeV, with carbon
foils of different thicknesses. Figure 5 shows the good
agreement of the resulting electron distribution with the
experimental values. When the foil is sufficiently thin,
only the known convoy-electron peak is observed;
meanwhile, when the target thickness increases, a second
structure begins to appear, which shifts to the region of
lower velocities. This structure is caused by the convoy
electrons produced inside the solid, by electron loss or
capture processes, which lose their initial energy by in-
elastic collision. Furthermore they are elastically scat-
tered by the target atoms. When the foil thickness is
suKciently large the number of collisions is so high that
the scattered electrons may be thermalized. Then they
only contribute to the low-energy electron spectrum. In
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FIG. 5. Comparison of the convoluted electron distribution
of H (3 MeV) traversing a carbon foil of px =9.03 pg/cm de-
scribed by the present model with the experimental curve of
Ref. [11]:,with A,, =6.2 A, L =6; ———,with A,, =8.6 A,
—-, L =4; and with A,, = 16.4 A, L = 1.9.

FIG. 3. ICE yield per incident projectile of H (solid circle
[11]):——,present model;, Ref. [11]; and H (open
square): ——,present model; ——,Ref. [11].

that case again only the convoy structure appears, but
with a much smaller intensity.

It is very interesting to note the good qualitative ac-
cord between the form of the nonconvoy-electron (NCE)
spectrum, described by Yamazaki [15], and our calcula-

tions. The NCE's, also called background electrons (BE),
are characterized by the function I which is graphed in
Fig. 6.

Now we are interested in the analysis of the relation
between the intrinsic convoy electrons, characterized by
the function E, with "background" electrons, given by F.
In Fig. 7 we represent, for difFerent target thicknesses, the
ratio E(u; —5,x )/F(u; —5,x ). It is observed that this ra-
tio is constant when the thickness is larger than a certain
value.

In Fig. 8 we describe the collision of H+ with C foil of
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FIG. 4. Logarithmic convoluted electron distribution consid-
ering an angular resolution of 0.1' and a momentum resolution
of 0.7% of H (3 MeV) traversing carbon foil as function of elec-
tron velocity, for different thicknesses. A: px=0. 71 pg/cm;
B: px =4.98 pg/cm; C: px =26. 12 pg/cm .

7 9
electron velocity

11
[a.u.]

FIG. 6. BE distribution H (3 MeV) traversing a carbon foil
of px =9.03 pg/cm as function of electron velocity.
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difFerent thicknesses. When the target thickness is in-
creased, we observe that the second displaced structure
mentioned above appears again. It is also produced by
the co11ision of a convoy electron with the target atoms.
Because of the absence of direct electron loss to continu-
um in H++C collision, the ICE yield for H+ never de-
creases, and the displaced structure does not have a max-
imum. Upon further increase of thickness the peak form
does not change anymore. Note that, for a sufficiently
thick C foil, the electron spectrum is almost equal for H
or H+ beams (curves C in Figs. 4 and 8).

IU. CGNCI. USIQNS

In this paper it has been possible, using a transport
theory, to describe the experimentally observed structure
of electron spectra obtained when H and H+ collide
with C foils of difFerent thicknesses.
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FIG. 8. Logarithmic convoluted electron distribution of H+
(3 MeV) traversing a carbon foil as function of electron velocity,
for A: px =0.71 pg/cm; 8: px =4.98 pg/cm; C:
px &9.03 pg/cm .

FIG. 7. The ratio of ICE peak height to the BE intensity 'at

the ICE peak velocity, ICE/BE, as function of target
thicknesses (pg/cm ). : H+~C; ———:Ho~C.

Starting from a generalized Boltzmann equation, and
considering that the differential cross sections of electron
loss and ionization, are mainly determined by the
Coulomb factor, we study the H -C foil collision. We de-
scribe, in good qualitative accord with the experiment,
the electron spectrum for difFerent target thicknesses.
Studying the collision of H+ with carbon foil, we observe
that, when the target thicknesses increase, the displaced
structure appears again, but it is less pronounced and
does not have a maximum. This e6'ect has not been ex-
perimentally observed yet. The peak form does not
change, if the thickness continues to grow.

Furthermore, with this model for the production of
convoy electrons inside the solid, we obtain the same con-
stant behavior of the ratio between the ICE's and BE's
which has been observed by Yamazaki and Oda [12]. We
think that it is possible to describe this ratio because the
electron distribution functions are deduced starting from
a generalized transport equation, which considers all the
processes in one and the same equation. Therefore it is
not necessary to introduce ad hoc a Landau function
[11—13],which describe the inelastic processes.

In the present model we calculate the parameters in
such a way that the ICE yield could describe the experi-
mental data. We realize that the value considered for the
elastic mean free path A,, is greater than that correspond-
ing to free electrons in C foil. In (18) we neglected the
elastic gain term at zero degree, which could compensate
an actually smaller value of A,

Note also that the comparison with the experiment is
better when the value for the inelastic mean free path, A,;,
is smaller than for the free electron. This may be attri-
buted to the interaction of the convoy electron with the
projectile, in accordance with the concept of Coulomb
defocusing. In particular, in Fig. 7 of Ref. [21], it is ob-
served that the convoy-electron population is depleted
rapidly, in a collection volume which covers the longitu-
dinal interval v;+0.25 and a transversal width vT=0. 25,
in comparison with the free electron population. This
can be attributed to the fact that a single collision is
enough in most cases to remove an electron from the col-
lection volume, because of the relatively large energy
transfer per collision [21]. The inclusion of the projectile
efFect requires an additional term in the Boltzmann equa-
tion (1) to consider the external force applied to the elec-
tron distribution. This study, in a classical theory
scheme, as presented here, implies the introduction of a
time- and space-dependent potential which must be cal-
culated in a self-consistent form. At this first stage of our
analysis, it has not been considered because of the great
complexity that it introduces in the transport equation.

The total mean free path A,, is mainly determined by
the A,;. For incident H, A,, determines the target
thicknesses for which the ICE yield reaches the max-
imum value; this maximum position is independent of the
value of I. (Fig. 9). It would be interesting to perform an
experiment to determine this total mean free path. For
this purpose, the maximum of the ICE yield would have
to be measured with H on dense gases ai velocities U, =-1
or 2 a.u. or on C foils with beam velocities U; &&10 a.u.
Experiments like these have already been proposed but
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FIG. 9. ICE yield per incident projectile of H (3 MeV) on C
foil as a function of target thicknesses (pg/cm ), for di6'erent
values of the total mean free path. : X, =6.2 A, I, =6; —-
K,,=8.6 A, I.=4; ———X, = 16.4 A, L = 1.9.

determination of A,, in this way would shed some light on
the effect of the projectile when the transport of convoy
electrons in the solid is studied.

In the present model we have not included some sur-
face effects. This is because, in the velocity range con-
sidered here, no modifications in the convoy-electron
spectra, as due to the exit surface potential [22,23], are
observed experimentally.

All the results described above could be improved if we
consider the contribution from ionization of the atoms at
rest, by electron impact. Furthermore, the interactions
of beam electrons with the electrons of the plasma would
be included. In the present deductions of the transport
equation, this would introduce a nonlinear behavior.
Nevertheless, a completely different method exists to
evaluate the energy loss of electrons interacting with
solids. It is connected with the dielectric properties of
the material, and it has been successfully employed in cal-
culations of energy loss distribution for electrons
transmitted through a thin layer of carbon [24—26]. The
dielectric description of slowing down may be considered
as an alternative to the Bethe deduction of cross section
[27], which allows an analysis of the effects of collective
excitations.

not performed yet, probably due to the experimental
difhculties. Therefore we believe useful a reexamination
of the intermediate thicknesses in order to obtain the
inAection point of the ICE yield. Like the maximum
point, the inAection point is also directly related to X, . A
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