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Fast electrons from collisions of highly stripped ions with solid-state targets
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The momentum distribution of fast binary-encounter electrons emitted from solid-state targets of various
thicknesses is investigated both theoretically and experimentally. The production of electrons in binary-type
collisions with fast, highly stripped ions is calculated in the electron-impact approximation. A transport theory
is formulated which allows for energy loss as well as angular deflection of the electrons~within the separation
of energy loss and angular scattering approximation! during penetration of the target. The broadening of the
binary encounter peak with increasing target thickness observed experimentally in 13.6-MeV/u Ar171 and
Ar181 colliding with carbon foils is well described by theory.@S1050-2947~99!00907-5#

PACS number~s!: 34.50.Fa, 78.70.2g, 79.20.Ap, 34.80.2i
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I. INTRODUCTION

In fast ion-atom collisions, high-energy electrons a
ejected from the target atoms in a binary-type interact
with the projectile ion. The momentum distribution of the
electrons shows the typical binary ridge, being cente
around an energyE052v2 cos2 q for emission anglesq
,90°, wherev is the collision velocity. In the case of solid
state targets, this momentum distribution is modified beca
the electrons undergo multiple collisions with target ato
when penetrating the target. The development of multip
scattering theories for elastic and inelastic collisions da
back to Goudsmit and Saunderson@1# and Landau@2#, re-
spectively. Electron scattering from the target cores, be
basically elastic, leads to angular deflection, while the s
tering from the target valence electrons is an inelastic p
cess resulting in energy loss. If the velocity of the heavy-io
induced electrons is considerably larger than typical intrin
velocities of the target electrons, these two processes ca
treated separately@the so-called SELAS~separation of en-
ergy loss and angular scattering! approximation@3,4##. This
approximation, in combination with a multiple-scattering e
pansion for the penetrating electrons, was recently app
for a detailed comparison with experimental data@5#.

Experiments using a monoenergetic electron beam
pinging on a solid target@5,6# considered predominantly th
stopping power or angular deflection of the penetrating e
trons. Instead of an electron beam, convoy electrons cre
inside the target and traveling with the positively charg
projectiles were also studied, and their integral yields@7# or
energy distribution@8# behind the target were measured.

Experiments relying on the binary encounter mechan
for the production of fast electrons@4,9–11# have the advan-
tage that they allow for a simultaneous investigation of el
tron penetration in different directions, which is of particul
interest for inhomogeneous media. A measurement of
doubly differential cross section for electron emission beh
the foil shows the influence of solid-state effects both on
spectra and the angular distributions. Such experiments w
recently carried out using foils of varying thickness@12#.
PRA 601050-2947/99/60~1!/385~7!/$15.00
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Also, the electron velocity was extended to the relativis
regime@13,14#.

Up to now the thus measured electronic momentum d
tributions have only been compared with Monte Carlo cal
lations@9,10#, or with a quantum-mechanical single-collisio
theory which neglects electron transport effects@14,15#. For
thicker targets, the calculations are at variance with exp
ment, providing binary encounter peak widths which are
too small, particularly at the larger emission angles.

In this work a theory is developed which combines
accurate description of the electron production by mean
electron capture to the projectile continuum with a transp
theory allowing for energy loss and angular straggling
these electrons when penetrating the target. This is an
provement over earlier simple models@16# for binary en-
counter electron transmission. A relativistic formulation
the theory is given in Sec. II, and results fo
13.6-MeV/u Ar1811C are shown in Sec. III. The exper
ments with Ar171 as well as Ar181 projectiles colliding with
carbon foils of thickness up to 356mg/cm2 are described in
Sec. IV and the measured spectra are compared with the
The conclusion is drawn in Sec. V. Atomic units (\5m
5e51) are used unless otherwise indicated.

II. TRANSPORT THEORY

When electrons are created at a certain distancex8 behind
the entrance surface~see Fig. 1!, they are slowed down and
deflected on their way through the target before reaching
detector behind the exit surface atx. Since fast electrons ar

FIG. 1. Schematic view of a projectileP impinging on a solid
target of thicknessx.
385 ©1999 The American Physical Society



fe
u

ne

is

a
ed
ly

tu

he

s

-

en
nt
an
-

m

n

ing
es,
the
the
ex-
re

t-

the

a

s-

s a
ent

p-
ng

ion

n
e

386 PRA 60D. H. JAKUBASSA-AMUNDSEN AND H. ROTHARD
predominantly emitted into forward directions and suf
mostly small-angle deflections, any backward scattering d
ing their penetration fromx8 to x will be neglected. The
momentum distribution of the detected electrons is obtai
by folding the production cross sectiond2s/dE8dV8 with
the distribution functionf which gives the probability that an
electron created atx8 with energyE8, originally emitted into
the solid angledV8, has acquired an energyE and is ejected
into dV at the target exit surfacex. Hence, the electron yield
behind the target is obtained from

d2Y

dEdV
5E

0

x

dx8E
Emin

Emax
dE8E dV8

3
d2s

dE8dV8
~E8,q8! f ~E8,E,V8,V,x8,x!.

~2.1!

The production cross section is calculated in the relativ
tic electron-impact approximation~EIA!, a first-order theory
which describes target ionization by means of electron c
ture to the projectile continuum. This theory is well suit
for the ejection of valence electrons by heavy, high
stripped projectiles, as it treats the projectile field nonper
batively. One obtains1 @15#

d2s

dEfdV f
~Ef ,q f !5

kfEf

vc2 (
i
E dqW d~Ef

P2Ei
Tg1qzgv !gp

22

3
dse

rel~p,qp!

dV
uw i

T~qW !u2, ~2.2!

whereEf andEf
P is the emission energy of the electron in t

target and projectile frame of reference, respectively,g5(1
2v2/c2)21/2 is the Lorentz factor, andEi

T is the energy of
the initial target state. Basically, Eq.~2.2! results from fold-
ing the relativistic cross sectiondse

rel/dV for elastically scat-
tering an electron from the projectile field, with the tran
verse momentum distributionw i

T of its initial state. @The
prefactor Ni

T of the initial-state Darwin function is sup
pressed in Eq.~2.2!; it is very close to unity for a carbon
target.# When summed over all target electrons, the dep
dence of Eq.~2.2! on the longitudinal momentum compone
qz is closely related to the target Compton profile. The qu
tities p, qp , andgp5(11p2/c2)1/2 are defined from an on
shell approximation@15#, and the quantization axiseW z has
been taken alongvW .

The electronic distribution function can be obtained fro
solving the master equation@5#. However, for fast electrons
and sufficiently thin targets such that (E82E)/E8!1 for all
E8.E, f may be factorized into two distribution functionsg
and h, corresponding to a decoupling of energy loss a
angular deflection@3–5#

f ~E8,E,V8,V,x8,x!5g~E8,E,d! h~Ē,u,d!. ~2.3!

1In Ref. @12#, Eq. ~4!, qzg should readqzgv in the argument of
the d function.
r
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This factorization relies on the fact that elastic scatter
occurs basically in binary encounters with the target cor
permitting only angular deflection but no energy loss. On
other hand, in collisions with target valence electrons,
fast electrons are hardly deflected, but lose energy upon
citing or ionizing the target. These two kinds of collisions a
thus independent.

The distribution functiong for energy loss is given by
@2,5#

g~E8,E,d!5
1

2p
e2d/l inE

2`

`

dk eik~E82E!edW̃1~k!.

~2.4!

Herel in5(Ns (in))21 is the mean free path for inelastic sca
tering related to the target densityN and the cross section
s (in)5(1/N)*dT W1(T), whereW1(T) is the kernel for in-
elastic scattering with energy transferT5E82E, andW̃1(k)
its Fourier transform. One can show that an expansion of
exponentdW̃1(k) of the Fourier coefficient in terms ofk
~retaining only the zeroth- and first-order term! leads to

g~E8,E,d!5d„E82E2DE~d!…, ~2.5!

with DE(d)5d*dT W1(T)T, the mean energy loss on
path of lengthd. Approximation~2.5! is better justified the
shorter the collision time during which a given energy tran
fer T takes place, i.e., the higher the energyE8 of the elec-
trons@3,4#. The energy loss of the electrons is described a
continuous slowing down, given by the energy-depend
stopping powerS(E8). Hence, with the help of Eq.~2.5!,

E82E5DE~d!5E
0

d

ds S~E8!, ~2.6!

where the explicit dependence ofE85E8(E,s) on the loca-
tion s5s(x8) must be taken into consideration. For the sto
ping power, the relativistic Bethe formula is used, includi
the Bloch correction@17,18#

S~E8!5
4p

v82 NZTF ln
2v82

I
2 lnS 12

v82

c2 D2
v82

c2

1c~1!2RecS 11
i

v8D G , ~2.7!

with ZT and I the target nuclear charge and mean excitat
energy~approximated by the ionization threshold,I 59 eV
for carbon!, respectively. The velocityv85c(12c4/(E8
1c2)2)1/2, andc is the psi function, Rec denoting its real
part.

Into the distribution functiong(E8,E,d) from Eq. ~2.3!
enters the actual path lengthd the electron has traveled whe
moving fromx8 to x. From Fig. 1 it is clear that only in cas
of zero scattering angle,d is equal tox2x8, but is larger
otherwise. We include theq dependence in a simple way@4#:

d5
x2x8

cosq
. ~2.8!
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PRA 60 387FAST ELECTRONS FROM COLLISIONS OF HIGHLY . . .
Although strictly valid only for a straight-line path@3#, this is
a reasonable approximation for forward scattering, and su
rior to the choice ofd5x2x8 used elsewhere@5#.

The distribution functionh in Eq. ~2.3! for angular scat-
tering is, in analogy to Eq.~2.4!, given in terms of a basis
state expansion@1,5#

h~Ē,u,d!5
1

4p
e2d/lel(

l 50

`

~2l 11!Pl~cosu!edW̃2~ l !,

~2.9!

wherelel5(Ns (el))21 is the mean free path for elastic sca
tering.W̃2( l ) is the Legendre transform

W̃2~ l !5E
21

1

d~cosu!Pl~cosu!W2~u! ~2.10!

of the kernelW2(u) for elastic scattering with deflection b
the angleu. It is related to the cross sections (el) through

Ns (el)5W̃2(0).
q

d

ld
e-
Assuming the target atoms to be represented by a sim

screened potential,V5ZT exp(2ar)/r with screening con-
stanta51.13ZT

1/3, W2(u) is found to be@1#

W2~u!52pN
ds~el!

dV

52pN
ZT

2

4v̄4 S 12
v̄2

c2D 1

S sin2
u

2
1y08

2D 2 ,

~2.11!

y085
a

2v̄ S 12
v̄2

c2D 1/2

v̄ is related to the mean collision energyĒ in the same way
as given below Eq.~2.7!, with Ē taken as (E1E8)/2.

In order to speed up convergence in the sum overl, the
zeroth-order scattering term@i.e., the one where exp„dW̃2( l )…
in Eq. ~2.9! is replaced by unity# is separated@5#:
h~Ē,u,d!5
1

4p
e2d/lelH 2d~cosu21!1(

l 50

`

~2l 11!Pl~cosu!@edW̃2~ l !21#J . ~2.12!
stic
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This allows for a truncation of the sum atl max560 for the
present collision systems.

Upon insertion of Eq.~2.3! into Eq. ~2.1!, the integral
over x8 can be done by means of the delta function in E
~2.5!

E
0

x

dx8d„E82E2DE~d!…F~x8!

5F~ x̄!U ]

]x8
DE~d!U21

5F~ x̄!U ]

]d
DE~d!

]d

]x8
U21

5F~ x̄!U cosq

S~E8!
U, ~2.13!

where DE(d) and d(x8) were taken from Eqs.~2.6! and
~2.8!, andF is an abbreviation for the remaining integran
Hence, approximation~2.5! relates to a given energyE8 a
fixed locationx85: x̄. Making use of the definition of the
stopping power,S(E)52dE/ds, one obtainsx8 as a func-
tion of E8 by integratingds52dE/S(E):

d5
x2x8

cosq
5E

E

E8 dE9

S~E9!
. ~2.14!

This leads to the following expression for the electron yie
~2.1!
.

.

d2Y

dE dV
5E

E

Emax
dE8U cosq

S~E8!
U

3E d~cosq8!dw8
d2s

dE8dV8
~E8,q8!

3h~Ē,u,d!. ~2.15!

Assuming that the electrons can only lose energy in inela
collisions, we haveE8>E, such that the lower limit of the
energy integral is equal toE. The upper energy limitEmax is
obtained from Eq.~2.14! for x850 @which is conveniently
achieved by evaluating the integral in Eq.~2.14! for a grid of
E8 values, withEmax resulting from a subsequent interpol
tion at the given valued(0)5x/cosq]. Upon insertion of Eq.
~2.9! for h, the integration overw8 in Eq. ~2.15! can also be
performed analytically. To this aim the Legendre polynom
Pl(cosu) depending on the deflection angleu, i.e., the angle
between the directions given bydV anddV8 ~Fig. 1!, has to
be decomposed. In the following we shall assume a sphe
symmetry of the target, such that there is now8 dependence
of the production cross section. Hence in the multip
scattering contribution toh one has simply

E
0

2p

dw8Pl~cosu!5E
0

2p

dw8
4p

2l 11 (
m52 l

l

Ylm* ~V!Ylm~V8!

52pPl~cosq!Pl~cosq8! ~2.16!

because only them50 contribution survives, due to the or
thogonality of the spherical harmonicsYlm . In the zero-



n

al
if
t

or
ls

ed

ions

un-
port

5°,
56
s,

law

d

ory
s

of
n
gle

388 PRA 60D. H. JAKUBASSA-AMUNDSEN AND H. ROTHARD
scattering contribution toh, the whole angular integral ca
easily be carried out if the direction ofV is taken as quanti-
zation axis

E dV8d~cosu21!F~q8!

5F~q!2pE
21

1

d~cosu!d~cosu21!52pF~q!.

~2.17!

Again, F symbolizes the remaining integrand. Taking
these results into account, we finally obtain the doubly d
ferential emission cross section~equal to the yield per targe
length! in the following form

S d2s

dEdV D
x

5
ucosqu

x E
E

Emax
dE8

1

uS~E8!u
e2d/lel

3H d2s

dE8dV8
~E8,q!1

1

2 (
l 50

`

~2l 11!Pl~cosq!

3@edW̃2~ l !21#E
21

1

d~cosq8!Pl~cosq8!

3
d2s

dE8dV8
~E8,q8!J . ~2.18!

The calculation ofW̃2( l ), Eq. ~2.10! with Eq. ~2.11!, is
done recursively. We have

W̃2~ l !5N
pZT

2

2v̄4 S 12
v̄2

c2D I l ,

~2.19!

I lªE
0

p

sinu du Pl~cosu!
1

S sin2
u

2
1y08

2D 2

52E
y08

2

11y08
2

dx Pl~cosu!
1

x2 ,

where x is substituted for the bracket in the denominat
Using the recursion relation for the Legendre polynomia
one arrives at a recursion forI l

I l 115
2l 11

l 11
~112y08

2!I l2
l

l 11
I l 212

2~2l 11!

l 11
Sl ,

l 50,1 . . . , ~2.20!

where cosu5112y08
222x is used, andSl is found from

Slª2E
y08

2

11y08
2

dx Pl~cosu!
1

x
,

~2.21!

Sl 115
2l 11

l 11
~112y08

2!Sl2
l

l 11
Sl 2124d l0 ,

l 50,1 . . . .
l
-

.
,

The starting values areS215I 2150 and

S052 ln
11y08

2

y08
2 , I 05

2

y08
22

2

11y08
2 . ~2.22!

With these, there are only two integrals to be perform
numerically in the evaluation of Eq.~2.18! for predetermined
production cross sections. These production cross sect
have to be provided on a closely spaced grid of energiesE8
and anglesq8. For emission anglesq<40° and not too low
energiesE, we found it sufficient to truncate theq8 integral
at 60° for the present systems.

III. THEORETICAL RESULTS

The transport theory described above~which will be
called ‘‘solid-EIA’’ theory in the following! has been ap-
plied to the 13.6-MeV/u Ar1811C collision system. At such
a moderate collision velocity (v'23), relativistic effects are
perceptible as a slight kinematical shift of the binary enco
ter peak to higher energies, but hardly influence the trans
properties.

Figure 2 shows the resulting electron spectra at 0°, 1
and 30° for target thicknesses ranging from 4.4 to 3
mg/cm2. In order to compare with single-collision condition
we make use of the fact that the inelastic mean free pathl in
for fast electrons can be approximated by a simple power
@19#

l in'AEn, ~3.1!

where the energyE of the electron is measured in eV, andl in
in Å. For a carbon target andE.200 eV, one has@19# A
50.097 andn50.81. Usually the target thicknessesX are
given in unitsNx, wherex is the target length introduce
earlier,

X5Nx, ~3.2!

such that for the present carbon target withN51.65 g/cm3

@11#, x51 Å corresponds toX51.6531022 mg/cm2. It
should be noted that in theory Eq.~2.18!, x also enters only
in combination with the target density given by Eq.~3.2!.
With the help of the Avogadro constant@20#, Nx can be
expressed in atomic units

Nx5X@mg/cm2#5X
6.02231023

A F1026

cm2 G5X
16.88

A
@a.u.#,

~3.3!

whereA is the atomic mass number (A512 for carbon!.
Inserting E52v2 cos2 q/@12(v2/c2)cos2 q#, the approxi-

mate position of the binary encounter peak maximum@15#,
into Eq. ~3.1!, one obtainsNl in56.74mg/cm2 for v523.09
and q50. The mean free pathlel for elastic scattering is
much larger: at the zero-degree peak energy, from our the
we obtainNlel518.3mg/cm2. The total mean free path i
thereforeNl5Nlell in /(lel1l in)54.9mg/cm2. This means
that l in alone provides a correct estimate of the order
magnitude of the~total! mean free path in the energy regio
considered here. Hence, only for the thinnest target, sin
collision conditions are guaranteed.
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PRA 60 389FAST ELECTRONS FROM COLLISIONS OF HIGHLY . . .
From Fig. 2 a peak shift to lower energies as well as
broadening of the peak~combined with a decrease of th
cross section! with increasing target thickness is visibl
similarly to what was found for the velocity distribution of
monoenergetic electron beam measured behind a carbon
@5#. The same features are found when the observation a

FIG. 2. Doubly differential electron emission cross section
13.6-MeV/u Ar181 impinging on C foils of thickness 4.4, 17, 56
167, and 356mg/cm2 as a function of observation energyE. The
emission angle is~a! 0°, ~b! 15°, and~c! 30°.
foil
le

is increased at a fixed target thickness. At 30°, the increas
the width withx is so strong that it leads to a crossover of t
high-energy wings at medium-thick targets. This addition
intensity results from the electrons which originally we
emitted close to the beam direction~thus having a much
higher energy and a similar intensity!, but subsequently suf
fered angular deflections. A similar shoulder beyond the
nary encounter peak was found in Monte Carlo calculatio
~and in experiment! for 3.5-MeV/u U381 on carbon foils@9#.
Only for the thickest target is this trend counterbalanced
the strong energy loss.

IV. EXPERIMENT IN COMPARISON WITH THEORY

The experiments were performed at the heavy-ion ac
erator in Caen ~France! in standard vacuum (p
,1026 mbar) with Ar171 and Ar181 projectiles of 13.6
MeV/u. Doubly differential electron spectrad2s/dp dV
were recorded in the forward direction on the beam exit s
of the foils atq50° with perpendicular ion impact with the
help of a magnetic analyzer. The angular acceptance
DV'231023, and the energy resolution2 was DE/E
'0.05. This corresponds to a momentum resolutionDp/p
'0.024 which was estimated from a more detailed analy
of the cusp width in the zero-degree spectra from Ref.@12#.
Thin carbon foil targets produced by standard evapora
techniques were used. Their thickness was measured by
niques based on Rutherford scattering and energy-loss m
surements. Further details can be found in Ref.@12#.

Measurements at different emission angles~0°–180°!
were only carried out for the thinnest target, using Ar171

projectiles. Figure 3 gives a comparison of the 0° spec
resulting from Ar171 and Ar181 impact. It is evident that both

2In Ref. @12#, the estimated experimental resolution should re
DE/E'0.05 instead ofDp/p'0.05.

r

FIG. 3. Measured electron spectra~on a relative scale! at 0°
from Ar171 ~d! and Ar181 ~s! impact on carbon targets of thick
ness ranging from 4.4 to 356mg/cm2.
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390 PRA 60D. H. JAKUBASSA-AMUNDSEN AND H. ROTHARD
sets of spectra agree mostly within the experimental un
tainty ~15%! in the binary encounter peak region, irrespe
tive of the foil thickness. From this we conjecture that t
angular dependence of the electron yield will also be roug
the same for both kinds of projectiles. The same is true
the calculations, which only differ by about 5% when Ar181

is changed to Ar171 ~the latter being much more time con
suming; however, electron loss from Ar171, which is only
important near the cusp, was not considered in the theo!.

Figure 4 shows the doubly differential cross section fro
Ar181 impact atq50 for target thicknesses between 4.4 a
356 mg/cm2. The theoretical curves from Fig. 2 were ave
aged over the detector momentum resolution~2.4%!. Since
the experimental spectra were only measured on a rela
scale, they have been normalized to theory~i.e., the 0° spec-
trum for Ar181 impact on 4.4-mg/cm2 C was adjusted to the
solid-EIA theory in the binary encounter peak maximu
this provides the normalization for all other Ar spectra!.
Also, the experimental energy scale was adjusted@12# to
make the peak position coincide with theory for the thinn
target. It can be seen that the experimental intensity dr

FIG. 4. Doubly differential electron emission cross section at
for 13.6-MeV/u Ar181 impinging on C foils.~a! X54.4, 56, and
356mg/cm2. ~b! X517, 167, and 356mg/cm2. L, experiment; —,
theory for X54.4 and 17mg/cm2; s, experiment;- - -, theory for
X556 and 167mg/cm2; 3, experiment; ---, theory for 356mg/cm2.
r-
-

ly
r

ve

;

t
ps

more strongly withX than predicted by theory. On the othe
hand, the peak shift is slightly overestimated by theory.

In order to compare the peak shapes, in Fig. 5 we h
shifted the theoretical peak positions to make them ag
with the experimental ones for allX, and also adjusted the
peak intensities. The corresponding yields~equal to the
cross-section timesX! are shown atq50, and although the
calculated peak widths are in general too small, their incre
with target thickness agrees well with the measurements.
difference between experiment and theory on the outerm
wings of the peak may be due to energy straggling@10#
~which is neglected in the present theory! or to background
effects.

FIG. 6. Doubly differential electron emission cross section
13.6-MeV/u Ar171 ~experiment! and Ar181 ~theory! impact on a
4.4-mg/cm2 carbon foil at emission angles 10°~1!, 20° ~s!, and
40° ~L!. The solid lines give the solid-EIA results, and the brok
line denotes the EIA result for 40°. The structure near 7.4 keV
the 10° data is the cusp from capture and loss to the proje
continuum.

°

FIG. 5. Same spectra as in Fig. 4, with the experimental int
sity scaled byX/4.4. Each calculated spectrum is now shifted bo
in energy and intensity to make the peak position and yield coinc
with the corresponding measured spectra.~The target thickness in-
creases from bottom to top.!
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PRA 60 391FAST ELECTRONS FROM COLLISIONS OF HIGHLY . . .
Figure 6 shows the spectra atX54.4mg/cm2 for emission
angles between 10° and 40°. We have compared the dat
Ar171 impact with the theory for Ar181 ~in this figure only,
we normalized the Ar171 0° spectrum for the thinnest targe
to the Ar181 solid-EIA theory!. It is seen that the peak inten
sities and shapes are fairly well reproduced by theory but
peak positions are not. In this context we recall that at
angle as large as 40°, the effective target lengthd @cf. Eq.
~2.8!# is only 1.45 times the mean free path@12# such that
even at the largest angle considered, solid-state eff
should not be too important. The deviation between EIA@Eq.
~2.2!# and solid-EIA results is indeed quite small~see Fig. 6!.

V. CONCLUSION

We have measured doubly differential cross sections
binary encounter electron emission from carbon targets,
tematically varying the foil thickness, and compared th
with results from a quantum-mechanical high-energy tra
port theory. Both experiment and theory show an increas
the binary encounter peak width and a decrease of its in
sity, as well as a peak shift to lower energies with increas
target thickness. However, while the width is in fair acco
with the data, the peak intensity as well as the peak shi
overpredicted by theory.

In this context it should be noted that the SELAS appro
mation, i.e., the neglect of an interplay between elastic
D
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-
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inelastic collisions, is a rather crude approximation for t
thicker targets, as has been observed previously@5#. More-
over, quite simple models were used both for the stopp
power and for the kernel of the angular scattering, aiming
a qualitative agreement with experiment rather than a
quantitative one.

A still open question is the angular dependence of
binary encounter peak. Unfortunately, only data for the th
nest target are available where, according to theory, so
state effects should be small for angles<40°. Nevertheless
the present experiment shows a very strong peak shif
compared to the single-collision EIA theory, particularly
40°, but surprisingly, again quite a small shift at 60°@12#. A
similar anomaly at 40° is also present in th
77-MeV/u Ar1811Al data recorded for a larger target thick
ness@14#. The reason for this anomaly is presently not u
derstood.
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