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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 ele¢ivithi the separation
of energy loss and angular scattering approximatauring penetration of the target. The broadening of the
binary encounter peak with increasing target thickness observed experimentally in 13.6-Mé¥V/waAd
Ar*®" colliding with carbon foils is well described by theofyf51050-2947©9)00907-3

PACS numbsgps): 34.50.Fa, 78.76:g, 79.20.Ap, 34.80-i

[. INTRODUCTION Also, the electron velocity was extended to the relativistic
. - . regime[13,14.

_In fast ion-atom collisions, high-energy electrons are "y, t5 now the thus measured electronic momentum dis-
ejected from the target atoms in a binary-type interactionipytions have only been compared with Monte Carlo calcu-
with the projectile ion. The momentum distribution of these|ations[9,10], or with a quantum_mechanica| Sing|e_co||ision
electrons shows the typical binary ridge, being centeredheory which neglects electron transport effddt$,15. For
around an energyE,=2v2cog 9 for emission anglesd  thicker targets, the calculations are at variance with experi-
<90°, wherev is the collision velocity. In the case of solid- ment, providing binary encounter peak widths which are far
state targets, this momentum distribution is modified becaus®0 small, particularly at the larger emission angles.

the electrons undergo multiple collisions with target atoms !N this work a theory is developed which combines an
when penetrating the target. The development of mu|tip|e§1ccurate description of the_ elgctron P_md“c“o'_‘ by means of
lectron capture to the projectile continuum with a transport

scattering theories for elastic and inelastic collisions date eory allowing for energy loss and angular straggling of
back to Goudsmit and Sau_ndersm and Landau(2], re- ._these electrons when penetrating the target. This is an im-
spectively. Electron scattering from the target cores, be'”%rovement over earlier simple moddl$6] for binary en-

basically elastic, leads to angular deflection, while the scatgounter electron transmission. A relativistic formulation of
tering from the target valence electrons is an inelastic prothe theory is given in Sec. I, and results for

cess resulting in energy loss. If the velocity of the heavy-ion-13.6-MeV/u A" +C are shown in Sec. Ill. The experi-
induced electrons is considerably larger than typical intrinsianents with AF"* as well as A" projectiles colliding with
velocities of the target electrons, these two processes can lsarbon foils of thickness up to 356g/cn? are described in
treated separateljthe so-called SELASseparation of en- Sec. IV and the measured spectra are compared with theory.
ergy loss and angular scatterjngpproximation[3,4]]. This ~ The conclusion is drawn in Sec. V. Atomic unité £m
approximation, in combination with a multiple-scattering ex- — €= 1) are used unless otherwise indicated.
pansion for the penetrating electrons, was recently applied
for a detailed comparison with experimental dggh
Experiments using a monoenergetic electron beam im- When electrons are created at a certain distard&ehind

pinging on a solid targdi5,6] considered predominantly the the entrance surfadsee Fig. 1, they are slowed down and

stopping power or angular deflection of the penetrating e|ec(_jeflected on their way through the target before reaching the

trons. Instead of an electron beam, convoy electrons Createdae'[ector behind the exit surfacexatSince fast electrons are
inside the target and traveling with the positively charged E
projectiles were also studied, and their integral yidldsor %
energy distributior 8] behind the target were measured. b ar  E ———

Experiments relying on the binary encounter mechanism g . .
for the production of fast electroiid,9—11] have the advan- el
tage that they allow for a simultaneous investigation of elec-
tron penetration in different directions, which is of particular
interest for inhomogeneous media. A measurement of the
doubly differential cross section for electron emission behind
the foil shows the influence of solid-state effects both on the
spectra and the angular distributions. Such experiments were FIG. 1. Schematic view of a projectile impinging on a solid
recently carried out using foils of varying thicknegk?].  target of thickness.

Il. TRANSPORT THEORY

Target
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predominantly emitted into forward directions and sufferThis factorization relies on the fact that elastic scattering
mostly small-angle deflections, any backward scattering dureccurs basically in binary encounters with the target cores,
ing their penetration fronx’ to x will be neglected. The permitting only angular deflection but no energy loss. On the
momentum distribution of the detected electrons is obtainedther hand, in collisions with target valence electrons, the
by folding the production cross secti@fo/dE'dQ)’ with  fast electrons are hardly deflected, but lose energy upon ex-
the distribution functiorf which gives the probability that an citing or ionizing the target. These two kinds of collisions are
electron created at’ with energyE’, originally emitted into  thus independent.

the solid angla()’, has acquired an ener@yand is ejected The distribution functiong for energy loss is given by
into d() at the target exit surface Hence, the electron yield [2,5]

behind the target is obtained from

1 e I ~
sz X Emax g(E,,E,d): Eefd”‘inf dk ék(E 7E)edwl(k)-
=] dx’ dE’f dQ’ -
dEdQ fo fEmm (2.9
2 .

o g , , , Here;,= (No(M) "1 is the mean free path for inelastic scat-

X— . . n . )
dE'dQ’ (", 97) 1(E,EQ%Qx"X) tering related to the target density and the cross section

2.1 M= (1/N) fdT W,(T), whereW,(T) is the kernel for in-
elastic scattering with energy transfer= E’' —E, andW, (k)
The production cross section is calculated in the relativisits Fourier transform. One can show that an expansion of the
tic electron-impact approximatiofEIA), a first-order theory  exponentdW; (k) of the Fourier coefficient in terms df

which describes target ionization by means of electron capfetaining only the zeroth- and first-order terteads to
ture to the projectile continuum. This theory is well suited

for the ejection of valence electrons by heavy, highly g(E',E,d)=8(E'—E—AE(d)), (2.5
stripped projectiles, as it treats the projectile field nonpertur-
batively. One obtairis[15] with AE(d)=dfdT W,(T)T, the mean energy loss on a

path of lengthd. Approximation(2.5) is better justified the
shorter the collision time during which a given energy trans-
fer T takes place, i.e., the higher the enekgy of the elec-
trons[3,4]. The energy loss of the electrons is described as a
dof(p,9,) T o continuous slowing down, given by the energy-dependent
X—gq  ler (@I (2.2 stopping powelS(E’). Hence, with the help of Eq2.5),

d?c

K¢E¢ . -
dEdn, B 0=z 2 qu5(EfP—EiT7+qzyv)7p2

whereE; andEfP is the emission energy of the electron in the
target and projectile frame of reference, respectiveby,(1
—v?/c?) Y2 is the Lorentz factor, an& is the energy of
the initial target state. Basically, E(R.2) results from fold-  where the explicit dependence Bf =E’(E,s) on the loca-
ing the relativistic cross sectiao®/d() for elastically scat-  tion s=s(x’) must be taken into consideration. For the stop-
tering an electron from the projectile field, with the trans-ping power, the relativistic Bethe formula is used, including
verse momentum distributiorgz:iT of its initial state.[The the Bloch correctiorf17,1§
prefactor N] of the initial-state Darwin function is sup-
2v 12 v 12 v 12
In——In( 1- —2) - —

d
E’—E=AE(d)=j0 ds SE’), (2.6

pressed in Eq(2.2); it is very close to unity for a carbon . A
target] When summed over all target electrons, the depen- S(E)= FNZT I C C
dence of Eq(2.2) on the longitudinal momentum component

g, is closely related to the target Compton profile. The quan- _ l_

tities p, 9,, andy,=(1+p?/c?)*? are defined from an on- (1) —Rey| 1+ 511, 2.7
shell approximatior{15], and the quantization axi§, has

been taken along. with Z; and| the target nuclear charge and mean excitation

The electronic distribution function can be obtained fromenergy(approximated by the ionization thresholdlzg eV
solving the master equatidis]. However, for fast electrons for carbon, respectively. The velocitw’=c(1—c*/(E’

and sufficiently thin targets such tha(—E)/E’'<1 for all 4 ¢2)2)12 andy is the psi function, Re denoting its real
E'>E, f may be factorized into two distribution functiogs art.
and h, corresponding to a decoupling of energy loss and |nto the distribution functiorg(E’,E,d) from Eq. (2.3
angular deflectiof3—5] enters the actual path lengtithe electron has traveled when
L moving fromx’ to x. From Fig. 1 it is clear that only in case
f(E',E,Q',Q,x",x)=g(E',E,d) h(E,0,d). (2.3 of zero scattering angla] is equal tox—x', but is larger
otherwise. We include thé dependence in a simple w4/:

Yin Ref.[12], Eq. (4), g,y should ready,yv in the argument of d= XX
the & function. cosd

(2.9
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Although strictly valid only for a straight-line pafl3], this is
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Assuming the target atoms to be represented by a simple

a reasonable approximation for forward scattering, and supescreened potentialy=Z;exp(—ar)/r with screening con-

rior to the choice od=x—x" used elsewherfb].

The distribution functiorh in Eqg. (2.3) for angular scat-
tering is, in analogy to Eq(2.4), given in terms of a basis
state expansiofi,5]

_ 1 ” ~
h(E,6,d)=-—e 9> (21+1)P(cosh)e™=(V),
A =0
(2.9
wherel o= (No(®) 1 is the mean free path for elastic scat-
tering.\7V2(I) is the Legendre transform

\7v2(|)=f_lld(coso)Pl(cosa)wz(e) (2.10

of the kernelW,( ) for elastic scattering with deflection by
the angled. It is related to the cross sectiar® through

No(®)=W,(0).

_ 1 -
h(E,a,d)=Ee‘d”‘el 25(cosa—1)+|2 (21+1)P,(cosh)[ eV —1]
=0

This allows for a truncation of the sum kt,,=60 for the
present collision systems.

Upon insertion of Eq(2.3 into Eq. (2.1), the integral
over x’ can be done by means of the delta function in Eq

(2.9
fxdx' S(E'—E—AE(d))F(x’)
0

(9 71
=F(X) WAE(d)
-1

=F aAEdad
= (@% (d) 7

cosY
S(E")

=F(x) : (2.13

where AE(d) and d(x’') were taken from Egs(2.6) and
(2.8), andF is an abbreviation for the remaining integrand.
Hence, approximatiori2.5) relates to a given energg’ a
fixed locationx’ =:x. Making use of the definition of the
stopping powerS(E)=—dE/ds, one obtains’ as a func-
tion of E’ by integratingds= —dE/S(E):

e’ dE”

)

4 X—X'
T cosy

SE) (2.14

stanta=1.1&3°3, W,(6) is found to be[1]

do.(el)
W2(0):277Nd—0
X Nz% . 02 1
I Tl S VN
sirf= +y;,
2
(2.1)
a 32 1/2
yo:z—v—<1‘€f)

v is related to the mean collision enerEyin the same way

as given below Eq(2.7), with E taken as E+E’)/2.

In order to speed up convergence in the sum dyéne
zeroth-order scattering terfne., the one where expW,(1))
in Eq. (2.9 is replaced by unityis separatedl5]:

]. 212
|
sz _J’EmaxdE’ cosy
dEdQ J& S(E")
. 2
xf d(cosd’)de m(E 07)
X h(E, 6,d). (2.15

Assuming that the electrons can only lose energy in inelastic
collisions, we haveE’' =E, such that the lower limit of the
energy integral is equal t&. The upper energy limiE,,, is
obtained from Eq(2.14 for x’ =0 [which is conveniently
achieved by evaluating the integral in Eg.14) for a grid of

E’ values, withE,, resulting from a subsequent interpola-
tion at the given valud(0)=x/cosd]. Upon insertion of Eq.
(2.9 for h, the integration ovep’ in Eq. (2.15 can also be
performed analytically. To this aim the Legendre polynomial
P,(cos#) depending on the deflection anglei.e., the angle
between the directions given loff) anddQ’ (Fig. 1), has to

be decomposed. In the following we shall assume a spherical
symmetry of the target, such that there is¢giodependence

of the production cross section. Hence in the multiple-
scattering contribution th one has simply

41

21+1

2 2w !
f do'P\(cosh) = f oo S YR (Q)Yim(Q)
0 0 m=—|

=2mP|(cos¥)P|(cosyd’) (2.16

This leads to the following expression for the electron yieldbecause only then=0 contribution survives, due to the or-

(2.1

thogonality of the spherical harmonicg,,. In the zero-
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scattering contribution td, the whole angular integral can The starting values ar8_;=1_,=0 and

easily be carried out if the direction 61 is taken as quanti-
zation axis

f dQ’ 5(cosf—1)F(9')

=F(19)27rf1 d(cosh)d(cosf—1)=2nwF ().
-1

(2.17

5=2| +y0 | 2 2
n =02 7 02
Yoo 1% vet 1ty

(2.22

With these, there are only two integrals to be performed
numerically in the evaluation of E¢2.18 for predetermined
production cross sections. These production cross sections
have to be provided on a closely spaced grid of enerfgies
and anglesy’. For emission angle§<40° and not too low
energiesE, we found it sufficient to truncate th&'’ integral

Again, F symbolizes the remaining integrand. Taking all at 60° for the present systems.
these results into account, we finally obtain the doubly dif-

ferential emission cross sectigequal to the yield per target

length in the following form
2
do |COS73| J’ max £ 1, e*d/)\el
dEdQ/ |S(E")|

NN 1§ 21 +1)P,(cosd
Xm( ,)+§|0( +1)P(cos)

~ 1
X[edwz(l)_l]f d(cosd')P (cosd’)
-1

2

Y
XdEaq (B[

The calculation ofW,(1), Eq. (2.10 with Eq. (2.1), is
done recursively. We have

(2.18

~ wZ5 v?
Wo()=No=| 1= |11,

(2.19

I,::f sinf#dé P,(cosh) 5
0

( SmZE + y(l)z

1
—Zf ¥’ dx P,(cosé) 2

O

Ill. THEORETICAL RESULTS

The transport theory described abo@hich will be
called “solid-EIA” theory in the following has been ap-
plied to the 13.6-MeV/u A®"+C collision system. At such
a moderate collision velocityv(~23), relativistic effects are
perceptible as a slight kinematical shift of the binary encoun-
ter peak to higher energies, but hardly influence the transport
properties.

Figure 2 shows the resulting electron spectra at 0°, 15°,
and 30° for target thicknesses ranging from 4.4 to 356
ug/cnt. In order to compare with single-collision conditions,
we make use of the fact that the inelastic mean free pgth
for fast electrons can be approximated by a simple power law
[19]

Nin~AE", (3.2
where the energi of the electron is measured in eV, axg
in A. For a carbon target anE>200eV, one ha$19] A
=0.097 andn=0.81. Usually the target thicknesssare
given in unitsNx, wherex is the target length introduced
earlier,

X=NX, 3.2
such that for the present carbon target witk= 1.65 g/cnd
[11], x=1A corresponds toX=1.65x10 2 uglcn?. It
should be noted that in theory E@®.18), x also enters only
in combination with the target density given by Hg.2).

where x is substituted for the bracket in the denominator.With the help of the Avogadro constafi20], Nx can be
Using the recursion relation for the Legendre polynomials@XPressed in atomic units

one arrives at a recursion foy

| 2(21+1)

(1+2y - 1 11— 1 ,

=75

1=0,1..., (2.20

where cog=1+2y,?—2x is used, and, is found from

S: ZJ' o' dx P|(cosa)—

(2.21)
21+1 -
S1= 151 (1+2y5°)S— |+1S‘ 1— 400,

[=0,1....

10°]
cn?|

6.022x 1073
A

16.88
A Laul,

(3.3

Nx= X[ ug/cn?]=X

whereA is the atomic mass numbeAE& 12 for carbon.
Inserting E=2v2 cog 9/[1—(v%/c®)co 9], the approxi-
mate position of the binary encounter peak maximursl,
into Eq.(3.1), one obtaind\\,=6.74ug/cn? for v =23.09
and 9=0. The mean free path for elastic scattering is
much larger: at the zero-degree peak energy, from our theory
we obtainN\4=18.3ug/cn?. The total mean free path is
thereforeNA =N\ in/ (A g+ Nin) = 4.9 ug/cn?. This means
that \;, alone provides a correct estimate of the order of
magnitude of theétotal) mean free path in the energy region
considered here. Hence, only for the thinnest target, single
collision conditions are guaranteed.
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FIG. 3. Measured electron spectfan a relative sca)eat 0°

from Ar'’* (@) and At®* (O) impact on carbon targets of thick-
ness ranging from 4.4 to 356g/cn?.
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is increased at a fixed target thickness. At 30°, the increase of
the width withx is so strong that it leads to a crossover of the
high-energy wings at medium-thick targets. This additional
intensity results from the electrons which originally were
A emitted close to the beam directigthus having a much
Ar'* (13.6 MeV/u) on C-Foil higher energy and a similar intensityout subsequently suf-

L L 1 L L fered angular deflections. A similar shoulder beyond the bi-
10 15 20 25 30 35 40 nary encounter peak was found in Monte Carlo calculations
(and in experimentfor 3.5-MeV/u 8" on carbon foilg9].
Only for the thickest target is this trend counterbalanced by
the strong energy loss.

d’s/(dEdQY) (barn keV™' sr')

—

(=]
N
T

—

<
“
T

30°
IV. EXPERIMENT IN COMPARISON WITH THEORY

The experiments were performed at the heavy-ion accel-
erator in Caen (France in standard vacuum p(
<10 ®mbar) with A" and Af®" projectiles of 13.6
MeV/u. Doubly differential electron spectrd?a/dp dQ
were recorded in the forward direction on the beam exit side
of the foils atd=0° with perpendicular ion impact with the
1 help of a magnetic analyzer. The angular acceptance was
AQ~2x10"% and the energy resolutibnwas AE/E
Ar'™ (13.6 MeV/u) on C-Foil ) ~0.05. This corresponds to a momentum resolutign' p

L L ! . L ~0.024 which was estimated from a more detailed analysis
10 15 20 25 30 35 40 of the cusp width in the zero-degree spectra from REZ].
E (keV) Thin carbon foil targets produced by standard evaporation
techniques were used. Their thickness was measured by tech-

FIG. 2. Doubly differential electron emission cross section forniques based on Rutherford scattering and energy-k)ss mea-

16?, E}nd 356,cg(cn12 as a function of observation ener@y The Measurements at different emission angi@s—1809
emission angle iga) 0%, (b) 15°, and(c) 30°. were only carried out for the thinnest target, using/Ar

From Fig 2 a peak shift to lower energies as well as aprojec;tiles. Figur7e+ 3 give38+a_ comparis_on c_)f the 0° spectra
broadening of the peakcombined with a decrease of the resulting from A" and Ar®* impact. It is evident that both
cross section with increasing target thickness is visible,
similarly to what was found for the velocity distribution of a
monoenergetic electron beam measured behind a carbon foifin Ref. [12], the estimated experimental resolution should read
[5]. The same features are found when the observation angleE/E~0.05 instead ofA p/p~0.05.

—

(=]
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10

d*s/(dEdQ) (barn keV™' sr')

(X/4.4) d*o/(dEAQ) (barn keV™' st™)

18+ - N
Ar" (13.6 MeV/u) on C-Foil W \ AP (13.6 MeV/u) on C-Foil
1 | 1 1 L 10 i L 1
10 15 20 25 30 35 40 10 15 20 25 30 35 40
E (keV) E (keV)

T T T T T FIG. 5. Same spectra as in Fig. 4, with the experimental inten-
sity scaled byX/4.4. Each calculated spectrum is now shifted both
in energy and intensity to make the peak position and yield coincide
with the corresponding measured spectfde target thickness in-
creases from bottom to tgp.

—

<o
w
1

—
[=]
'S

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

In order to compare the peak shapes, in Fig. 5 we have
shifted the theoretical peak positions to make them agree

d’s/(dEAQ) (barn keV™' s™)

10° with the experimental ones for a{, and also adjusted the
peak intensities. The corresponding yiel@lqual to the
Ar™ (13.6 MeV/s) on C-Foil -_\\\ cross-section time_x) are shown at¥=0, and althou_gh the
) WS, calculated peak widths are in general too small, their increase
1 1 1 1 | LNy - . .
with target thickness agrees well with the measurements. The
10 15 20 25 30 35 40 difference between experiment and theory on the outermost
E (keV) wings of the peak may be due to energy straggling]
FIG. 4. Doubly differential electron emission cross section at 0°(e\?;2$[2 is neglected in the present thepoy to background
for 13.6-MeV/u A" impinging on C foils.(a) X=4.4, 56, and :
356 uglcn?.  (b) X=17, 167, and 356ug/cn?. ¢, experiment; —,
theory forX=4.4 and 17ug/cn?; O, experiment;- - -, theory for
X=56 and 167ug/cn?; X, experiment; ---, theory for 35ag/cnt. 10°

sets of spectra agree mostly within the experimental uncer-
tainty (15%) in the binary encounter peak region, irrespec-
tive of the foil thickness. From this we conjecture that the
angular dependence of the electron yield will also be roughly
the same for both kinds of projectiles. The same is true for
the calculations, which only differ by about 5% when*&r
is changed to A" (the latter being much more time con-
suming; however, electron loss from *AF, which is only
important near the cusp, was not considered in the theory
Figure 4 shows the doubly differential cross section from
Ar® impact atd =0 for target thicknesses between 4.4 and
356 ugl/cnt. The theoretical curves from Fig. 2 were aver-
aged over the detector momentum resolutig%). Since
the experimental spectra were only measured on a relative
scale, they have been normalized to the@s., the 0° spec- FIG. 6. Doubly differential electron emission cross section for
trum for Ar'®* impact on 4.4ug/cnt C was adjusted to the  13.6-Mev/u Af7" (experiment and A% (theory impact on a
solid-EIA theory in the binary encounter peak maximum; 4 4.ug/cn? carbon foil at emission angles 10%), 20° (O), and
this provides the normalization for all other Ar spegtra 40°(¢). The solid lines give the solid-EIA results, and the broken
Also, the experimental energy scale was adjudte?] to  line denotes the EIA result for 40°. The structure near 7.4 keV in
make the peak position coincide with theory for the thinnesthe 10° data is the cusp from capture and loss to the projectile
target. It can be seen that the experimental intensity dropsontinuum.

d’/(dEAQ) (barn keV ™ sr™)
5

—
[=1
=

5 10 15 20 25 30 35 40
E (keV)
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Figure 6 shows the spectraXt4.4 ug/cnt for emission  inelastic collisions, is a rather crude approximation for the
angles between 10° and 40°. We have compared the data fticker targets, as has been observed previolislyMore-
Art™ impact with the theory for A" (in this figure only,  over, quite simple models were used both for the stopping
we normalized the Af* 0° spectrum for the thinnest target power and for the kernel of the angular scattering, aiming at
to the Arf®" solid-EIA theory. It is seen that the peak inten- a qualitative agreement with experiment rather than at a
sities and shapes are fairly well reproduced by theory but thguantitative one.
peak positions are not. In this context we recall that at an A still open question is the angular dependence of the
angle as large as 40°, the effective target lendjflcf. Eq.  binary encounter peak. Unfortunately, only data for the thin-
(2.9)] is only 1.45 times the mean free pdth2] such that nest target are available where, according to theory, solid-
even at the largest angle considered, solid-state effectate effects should be small for anglked0°. Nevertheless,
should not be too important. The deviation between fE4.  the present experiment shows a very strong peak shift as
(2.2)] and solid-EIA results is indeed quite sm@ke Fig. 6.  compared to the single-collision EIA theory, particularly at

40°, but surprisingly, again quite a small shift at 622]. A
V. CONCLUSION similar anomaly at 40° is also present in the
77-MeV/u Ar®" + Al data recorded for a larger target thick-

~We have measured doubly d_ifferential cross sections fopess[14]. The reason for this anomaly is presently not un-
binary encounter electron emission from carbon targets, systerstood.

tematically varying the foil thickness, and compared them

with results from a quantum-mechanical high-energy trans-
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