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We report absolute cross sections for binary encounter and convoy electron emission. Fast-electron velocity
spectra were measured for atomic collisions induced by a 45 M&®ubeam impinging on solid targets by
means of the multidetector ARGOS in a large angular rdfrgen 1.5° to 165}. Different conducting elemen-
tal targets t2°C, 2’Al, *Ni and %Ni, "3'Ag, °7Au) and polystyrene were used. Characteristics of electrons
with a velocity close to the beam velocifgonvoy electronswere found to be very sensitive to the incoming
charge state of the projectile. Their yield increases with the target atomic number. The yield of binary encoun-
ter electrons with a velocity of almost twice the beam velocity at small ejection angles is roughly proportional
to the area density of encountered target electrons. The velocity spectra centroids of these electrons are shifted
towards lower velocities than predicted by simple two-body relativistic kinematics. Surprisingly, this effect
seems to be mostly independent of target material and thickness. With increasing target atomic number, the
high-energy tails of the spectra exhibit an unexpectedly large number of very fast electrons. A multiple-
scattering mechanism involving multiple collision sequences of electrons between projectile and target atoms
is invoked to explain this effect. The data also show evidence for an excess of fast electrons in the backward
direction.
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[. INTRODUCTION binary encountefBE) electrons at a fixed angle is a distri-
bution which reflects the initial momentum distribution of
Heavy-ion beams at “intermediate energiest20 MeV/  the bound electrons of the targeiCompton profile”) [7].
u<E<200 MeV/u have extensively been used in nucleus-Also, target electrons may be captured or projectile electrons
nucleus interaction studies. On the contrary, very little attenmay be lost into low-lying projectile-centered continuum
tion has been paid to the nucleus-electron interaction, a fieldtates[8]. These so-called convoy electrons travel with a
being at the boundary between nuclear and atomic physicselocity close to that of the projectile and lead to a cusp-
This is most surprising since ionization is the most funda-shaped peak in electron spectra.
mental consequence of energetic atomic collisions and it is at Studies of BE electron emission at high beam energies
the beginning of radiation effects in inert or living condensedabove 10 MeV/u are quite scarf4—6]. Only recently have
matter. Electron emission is thus also an important probe fofast-electron energy spectra been the object of a particular
the interaction of swift ions with solidsl-5]. Specific ef- study either by solid-state experimentalists or atomic colli-
fects can be observed with swift heavy ions due to the higtsion theorists[9—14]. For reviews on swift heavy ion-
charge states. This results in high ionization cross sectionsduced-electron ejection, see, e[d+6,15.
strong induced perturbation, and large electronic energy loss. A relativistic theory based on the electron-impact ap-
Furthermore, projectile electrons, also in excited states, angroximation (EIA) has been developed by Jakubassa-
the penetration depth-dependent evolution of the ion chargdmundsen[10,16. The basic concept for describing the
due to capture and loss of electrons have to be taken intejection of binary encounter electro(BEE) from the target
account. The knowledge of fast-electron ejection propertieby heavy, highly charged projectiles in a single collision is
at these high projectile energies, like velocity spectra andhe quasielastic scattering approximation where ionization
production cross-section angular distributions, are importantakes place via electron transfer to the projectile continuum.
for testing basic atomic ionization theorigd. Furthermore, At sufficiently energetic collisions, any interaction with the
the application to nuclear physics is quite obvious, since fastarget core during the collision may be neglected and the
electrons are in general a source of disturbance for experactive electron scatters elastically from the projectile field.
mental detection systems, affecting in particular their resoluThe corresponding cross section is then folded with the elec-
tion. tron’s momentum distributioGCompton profilg in its initial
In the forward beam direction, fast electrons are essenstate. Transport of fast electrons traveling through the solid
tially due to two reaction mechanisms. A binary encountettowards the surface was included in the theoretical treatment
between the incident ion and an atomic electron producefkl4,16.
electrons with a maximum centroid velocity of almost twice  Experimentally, the velocity and angular distribution of
the projectile velocitywp. Since electrons are bound to the high energy electrons has been studied recently by a time-of-
target nucleus in different shells, the observed distribution oflight (TOF) method with the ARGOS multidetector array in
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the NAUTILUS scattering chamber at GANIL by Lanzano
et al. [13]. A shift of the centroids of the binary encounter
electron velocity distribution to lower velocities than ex-
pected from ionization theory involving simple relativistic

kinematics was observed. These findings are in contrast with R U
experimental studies performed with a different experimental - +
approach(analysis by magnetic deflection of the electrons
[9]. The origin of this observation is still unclear.

Complex three-body dynamics are involved; either so-
called one-center or two-center emission phenomena, as de-
scribed in[6], could explain these velocity shifts. Such ef-
fects should then strongly depend on the specific collision
system, i.e., the combination of projectile and target. We
therefore performed an experiment with different targets:
12C, 27al, 58Ni, and ®*Ni, "®'Ag, 7Au of almost the same
area thickness, 30@ug/cn?, in order to vary the target
nuclear charg& while keeping secondary effects connected = \©
to electron transport constant as discusseld #. Also, the & 5 N
possible dependence on the target thickriesctron trans- @ “& @
port) was investigated by using seven different carbon tar- Qonnm TR
gets of 10, 20, 90, 300, 1025, 2000, and 83afcn? thick-
ness. All of theses targets are conductors. In addition, we FIG. 1. Sketch of the experimental apparatus, made by a
also used an insulating polystyrene target of 1@&ficn?  honeycomb-shaped forward wall and an ensemble of553-6)
thickness. scintillation detectors positioned in a horizontal plane passing

through the center of the targétee text Positive and negative

detector angles are indicated. The target is shown for a tilted angle
Il. EXPERIMENTAL LAYOUT AND DETECTION of +45°.
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The experiment was performed at the CS Superconductafetect nuclear reaction products. No detectors were placed in
Cyclotron of Laboratori Nazionali del SULNS) in Catania, the horizontal plane of this wall. In this way, the detection of
ltaly. Pulsed 45 MeV/u 19 and 28 °®Ni beams with a nuclear reaction products and, in particular, electrons with
pulse width(burst time resolutionof 1.2 ns were used. The more precision due to a longer flight path for the time-of-
beam extracted directly from the cyclotron had a projectileflight measurement was made possible. This was achieved
charge ofq=19" and was used in a few runs only. Most of with a further battery of six detectors placed in the horizontal
the experiment was performed with a bams=28" %Ni plane at a larger distance to the center of the targets of 3.9 m
beam, which was obtained by inserting a carbon stripper foiat angles of 1.5°, 3.0°, 4.5° and1.5°, —3.0°, and—4.5°,
of 2000 ug/cn? into the beamline after the extractor. The respectively(forward shadowed detectors in Fig. 1
beam was then charge analyzed and focused on the targets.The surface of the hexagonal scintillation detectors mea-
In most cases, the targets were kept at 0° for perpendiculaures 25 crh Only the six detectors at large distance were
beam impact. Some runs were also made with the targefovered by 5-mm-thick aluminum collimators with a circular
tilted at 45° with respect to the beam axis. hole in the middle(radius 1 cm. They worked in the “in-

The experimental layout is shown in Fig. 1. The detectionclusive” mode with a proper electronic divider and were
method is very similar to the one described[t8]. The used also for normalization.
multidetector ARGOS is made of about 100 scintillation de- The remaining 65 scintillation detectors were used for
tectors (composed of plastic foils of different thicknesses electron detection only, and their detection thresholds were
coupled to Bak crystalg. Most of these detectors are placed adjusted accordingly as described [ib3]. Fifty-seven of
at certain observation angles around the target inside the bitpem were placed in the horizontal plane passing through the
scattering chamber CICLOPE of LNS. Additionally, some center of the target at both sides with respect to the beam
are mounted in a “forward wall” inside CICLOPE to inves- direction in angular steps 6£2.5° (see Fig. 1 Eight were
tigate small forward ejection angles. These detectors allovplaced in the outer ring of the forward wablack hexagons
us to identify charged particles, neutrons, and gamma rayis Fig. 1). All of them were covered with a 4@m-thick
from nuclear reactions and also fast electrons. This is donaluminum collimator, with a circular hole of 1-cm radius in
by shape discrimination of the photomultiplier signélse  the middle. This reduced the electron count rate by nearly a
“fast” and “slow” components of the detector outpuand  factor of 8. Unfortunately, this also gave rise to an undesired
by measuring the particle time-of-flight as described in detaikffect, as the aluminum foil was not thick enough to stop the
in [13]. most energetic electrons completéty100 ke\) at the most

The 30 scintillation detectors placed in the three innerforward angles. Approximately 15% of these electrons were
rings of the ARGOS forward wall, at a distance of 2.30 mtransmitted through the foil with the same time of flight, but
from the targets at angles of 0.75° to 5.25°, were used tavith a reduced energy. This effect could be reproduced by
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means of an electron transport calculation. This resulted in ég=19) and Fig. 3 =28). Forward spectra are shown for
reduced fast or slow component, so that for most of the fordifferent targets(as indicatedl taken at 6°. The electronic
ward detectors the BE electrons were characterized by twghreshold was set low enough to also allow the detection of
loci, almost equally intense, in a fast component time-ofelectrons around and below beam velocity. As can be seen
flight bidimensional representatiénompare Figs. 1 and 2 of from Fig. 2, in the case of a T9beam, the spectra present
Ref. [13]). o the following features. The convoy to BE peak ratio is inde-
To reduce the acquisition rate, these detectors workeflendent of the target atomic number. However, by increasing
only in coincidence with the forward wall, and were divided {ne target nuclear charge from the carbon to gold target, the
in three groups. The firsforward) group had 18 detectors gnqcra show a filling up in the region of velocity intermedi-

including the eigoht placed in the outer ring of the ARGQSate between the beam velocity and the BE velocity. The cen-
forward wall at 6° and 2.30 m from the target. The remaining, - o the convoy and BE peaks do not depend on the

ten were at different angles between 6° and 25° at a distance . gy
from the target of nearly 4 m. The secofidtermediate arget material. Surprisingly, an unexpected amount of very

group had 22 detectors and covered the angular range b@st electrons are present in the high velocity tail of the spec-
tween 27.5%2.65 m from the targetand 90°(1.21 m from trgm for the gold target. only. The+seslzr3ng .features are observed
the targex The third(backward group had 25 detectors and With the completely stripped=28" >*Ni ion beam(Fig. 3.
covered the angular range between 9549 m from the There is, however, one exception: the relative intensity of
targe) and 170°(0.92 m from the target For each of the convoy and BE electrons now does depend on the target
targets, three separate runs were made with each one of the¥@terial.
groups in coincidence with the 30 detectors of the forward Backward electron velocity spectra, taken at an emission
wall, and with the six forward detectors working in an inclu- angle of—140° with aq=28 charged-ion beam are shown in
sive mode. Separate inclusive runs were also made for sontég. 4 for C, Al, Ni, Ag, and Au targets. In particular, one
selected detectors. In the present experiment, we used a plashserves a broad distribution which decreases for electron
tic scintillator thickness of 70@m for the forward wall and  velocities larger than the projectile velocity. The overall in-
the forward group, a variable thickness from 700 to/88  tensity increases strongly with the target atomic number Z
for the second group, and 3@m for the backward group.  We show the integrated intensities of forward-emitted BE
and convoy electrons, and of backward-emitted electrons as

ll. CHARGE STATE AND TARGET MATERIAL a function of the target atomic number in Fig. 5. The carbon
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Let us first consider the shape of the electron velocity

spectra for the two different charge states as shown in Fig. -
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ll'o — l L ” — FIG. 3. Same as Fig. 2, but for the reactions” 28Ni (45
Electron velocity (cm/ns) MeV/u)+12C, 27Al, and **7Au at 6°, normalized to the maximum
of the binary encounter peak. To get better statistics in the high-

FIG. 2. Electron velocity spectra for the reactions 1Ni (45 energy tail region, we have summed the spectra of the eight de-
MeV/u+*2C, ?’Al and °"Au, at 6°, normalized to the maximum of tectors at 6° on the forward walllistance 230 cm to the target
the binary encounter peak. The beam velocity and the expectefbr each target. The beam velocity and the expected electron ve-
electron velocity for a relativistic binary elastic encounter are alsdocity for a relativistic binary elastic encounter are also indicated.
indicated. The electronic threshold is indicated by the shadowedhe electronic threshold is indicated by the shadowed &9
area(~8-9 cm/n3. cm/ng.
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FIG. 4. Backward electron velocity spectra for the reaction’s 28 1'0 1'02 1'03
NI (45 MeV/u+12C, 27Al, 28Ni, *"Ag, and *7Au, at —140°. Carbon thickness (ig/cm?)

The target,(~300 ug/cn?) was tilted at—45° with respect to the ) ) )

beam axis. The beam velocity is indicated by the arrow. The elec- /G- 6. The absolute Vs'se'f_‘ of forward-emitted binary encounter

tronic threshold is indicated by the shadowed are@—8 cm/n. electrons induced by 28 **Ni (45 MeV/u) as a function of the
carbon target thickness. The line is to guide the eye only.

target thickness dependence of forward-emitted BE electronQte that the measured cross sections shown in Figs. 5 and 6
is reported in Fig. 6. The cross sections are given per targefre absolute.
electron, i.e., per electron area density as diSCUSSéﬁZ}J As a function of the target atomic numbef Zthe y|e|d of
binary encounter electrons is almost constant within error
bars(upper part of Fig. b This means that the BE intensities
are roughly proportional to the number of electrons “seen”
by the projectile on its way through the target, i.e., to the
4000 - ] number of electrons per unit area. More precisely, one would
}+ _________ ++ ______________________ * _______________ have to sum over the relative contributions of electrons from
. different shells, taking into account the electron density and
probability of ionization corresponding to each shell. This
‘ ‘ s ‘ s s s s s probability scales roughly with the inverse cube of the bind-
ing energy of the electrons, i.e., Witth [17]. We also
observe that the normalized yield of BE electrons decreases
with target thicknesgFig. 6). This is a transport effect. More
and more electrons are scattered out of the detection volume
and into large emission angles. We also mention that the BE
b yield does not depend on the incoming charge state. This
‘ ‘ ' ‘ ' ' ' ' ' result can be understood qualitatively. High-energy BE elec-
tron ejection takes place at low-impact parameters so that the
+ incoming charge state only plays a minor rplel]. The re-
ool } ] sult of this binary encounter is then the production of elec-
¢ trons with velocity given approximately by a2 cosé be-
¢4 N Ae Au ° havior as a function of the laboratory angleExcept for the
% m m w s e mw s s w velocity shift as discussed below, this is what is observed
Target Atomic Number Z experimentallycompare also Fig. 4 dfL3]). As can be seen

FIG. 5. The absolute yield of forward-emitted binary encounterf0M Fig. 7, the angular dependence of the cross section is
and convoy electrons, and of backward-emitted electrops-7.3 ~ compatible with a 1/cd#_ law, as expectefd,12,13,15.
cm/ng induced by 28 58Ni (45 MeV/u) as a function of the target Concerning convoy electrons, threshold effects prevent us
atomic number, respectively i@), (b), and(c). Data obtained by from a complete determination of their velocity spectrum, in
Breinig et al. [8] with swift Ar ions and He, Ne, and Ar targets particular at the low-energy side. Therefore, we calculated
(open circles, normalized to our datare included for comparison. the convoy electron yield as two times the peak area inte-

28* SNi(45 MeV/u)

3

T
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L L B B B B B L comparison, we included data obtained by Breigigl. [8]
with swift Ar ions and He, Ne, and Ar targets in Fig. 5. The

evolution of both data sets withy4s in good agreement.
50

IV. BINARY ENCOUNTER ELECTRON PEAK SHIFT

40 Another very important result concerns the position of the

BE peak in the forward direction and its dependence on tar-
get material and thickness. If we observe carefully Figs. 2
and 3, we note that a slight shift is present between the
centroid of the BE peak and the value expected from the
two-body relativistic kinematics, as indicated by the arrow
[see formulagl) and(3)]. We have carefully analyzed more
precise results obtained with a forward detector at 4.5°, char-
acterized by the largest possible flight p&hm). As shown

in Fig. 2 of Ref.[28], where the BE electron velocity cen-
troid is reported as a function of the target thickness for the
different targets, a very slight decrease of the velocity seems
ol L L e L b to be apparent with increasing carbon target thickness. This
10 2 30 4 % can most probably be explained by transport effg213,14.

O, (deg) For all targets, however, within error bars, we obtain a value
around 15.30.5 cm/ns, independent of the target atomic
number. The observed centroid velocity value is slightly be-
fbw the value predicted by relativistic two-body elastic col-
lision kinematics[16.5 cm/ns, see Eq<1)—(3)]. Models
used at lower energig4.8] predict shifts depending on the
complex two-center target-projectile nucleus potential as
grated from projectile velocity up to higher velocities. This thoroughly discussed if6]. In view of these possible three-
part of the spectrum is above the region where threshol@ody (one- or two-center effecksand their possible depen-
effects come into play and can thus be easily evaluated in @ence on the combined projectile-target system, the present
consistent way for the different targets. However, for theresult is surprising, and calls for a systematic study of the
lightest target(carbon with fully stripped 28 58Ni beam, projectile dependence of this effect.
the presence of the cusp peak is hardly—if at all—detectable.

The convoy electron ylelq increases with the target atomic V. HIGH VELOCITY TAILS: MULTIPLE COLLISION

number % for the bare ion _beamq=28. Fpr theq=19 SEQUENCE CALCULATIONS

beam, the convoy electron intensity remains roughly con-

stant as can be seen from Fig. 2. In this latter case, most of Concerning the shape of the BE peak at the high velocity
them come directly from the loss of projectile electrons.side, as anticipated aboyEigs. 2 and 3 we come back to
Here, the projectile is complex and consists of a nucleus ofhe striking difference in the slope for the two spectra from
charge 28 with a cloud of nine electrons “in equilibrium.” carbon(or aluminum and gold targets, respectively. In the
During its transit through the target, one or more processesase of carbon, the high velocity side of the peak falls down
of “fragmentation” of this cloud can occur and some elec- very sharply extending up to 17—18 cm/ns with an intensity
trons may be release@lectron loss In the other caseg  of almost 1/1000 of the BE peak maximum intensity. In the
=28, the incoming projectile is simple and only consists ofcase of gold, we observe an extended tail which tends to
the nucleus with no orbiting negative charges. If we remairflatten. It extends up to velocities as high as 24-25 cm/ns
in the language of nuclear physics, in the dynamical andvith the same relative intensity as before. This behavior,
complex projectile nucleus-target nucleus potential, one opeculiar of the gold target, is observed for all other angles up
more of the target electrons can “orbit towards” tRENi to 60°, as shown in Fig. 8. Such a high-energy tail is not
nucleus, forming a possible equilibriufm atomic physics observed for any of the other targets of comparable thick-
language, we would call this “electron captupe’ln a sec- ness, not even for the silver or the thicker carbon targets, as
ond step, this process can give rise to “dynamically emit-shown in Fig. 9.

ted” or “preequilibrium” electrons, with a broad distribu- This can only partly be due to the very complex Compton
tion centered close to the beam velocity, probably with a flaprofile for the gold target. An additional possible mechanism
angular distributiod13] (indirect electron logs However, at  involves multiple collision sequences of electrons between
high velocities, the capture cross sections are small contarget and projectile nuclei, already invoked to explain high-
pared to loss cross sections. This picture allows us to undeenergy cosmic ray§19,20 or anomalous fusion cross sec-
stand the increase of the convoy electron yield with increastions in atomic cluster collisiong21,22], and more recently
ing target atomic number: the cross section for electroralso to account for energetic electrons observed in low-
capture to the continuufECC) increases with Z ([8]). For  energy ion-atom collisiong23,24.

30

do/dQ (arb. units)

20

10

<
-3
=

FIG. 7. The high-velocity binary encounter electron-emission
cross section is reported as a function of the laboratory detectio
angle. The line represents the function consf!éosThe reaction is
19" S58Ni(45 MeV/u)+*C. Error bars take into account both
threshold effects and statistics.
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triple-scattering events. This becomes clear from Fig. 1 of
Ref.[22]. A part of the binary encounter electrons produced
in the collision interacts with the target atoms along the ion
trajectory. Possibly, they are scattered back with a certain
velocity distribution, and with a certain probability of collid-
ing again with the same incident nucleus. This simplest pro-
cess, a double scattering by first the projedB&) and then

the target, has recently been unambiguously identified even
in a heavy-ion—single-atom collisidi25,26|. This probabil-

ity increases strongly the heavier the target and/or the pro-
jectile is.

We have calculated the velocity distribution of electrons
emitted in forward direction from an elastic collision be-
tween a projectile nucleus traveling through the target with a
velocity vp and a backward emitted electron with a collinear
E velocity —v, by means of a Monte Carlo procedure. As a
< first approximation for the velocity distribution of these
1 backscattered electrons we have used the distribution mea-
E sured at the largest possible backward and@e5°. These
L L] spectra closely resemble those shown in Fig. 4: due to
o 5 10 15 20 % 30 threshold effects, this velocity spectrum is essentially an ex-

Velocity (em/ns) ponential tail starting from 8 cm/ns and extending up=tb5

FIG. 8. Electron velocity spectra for the reactions 28Ni (45 ~ CM/ns(see Fig. 4. The excess of fast electrons at backward

MeV/u)+ ¥’Au as a function of the emission angle as indicated.2Ngles has already been stressefllB] and is confirmed in

The shadowed area indicates the experimental electronic threshol@€ present experiment.
(~8-9 cm/ng. Following the experimentally observed backward spectra,

a velocity distribution of the forny ield=ke 2”¢” was used
as input in the Monte Carlo calculatiokpeing a normaliza-
Either remaining projectile electrons or ejected targettion constant. In order to obtain the forward “multiple colli-

electrons can undergo multiple collision sequences betweesion sequence” component of the electron velocity spec-
the target and incoming projectile nuclei. We emphasize thatrum, two-body relativistic kinematics for the energy of the
the probability of such higher-order processes may beutgoing electrons as given by the formula$2i] was used.
sharply enhanced in ion-solid collisions compared to ion-We have used the following relativistic formula for the en-
atom collisions because of the high target nucleus densityergy of the outgoing electrofprojectile at an angled, (6p)
Electron velocities of up to@, and 4 p can be achieved in in the laboratory system:

10—

02k
E Au Target

PRI IRRETTTT MR EERTI

|

do/dQ (arb. units)
w

£ _PecErt (Pre)cos 6) VA~ 4Eqd Er— (pre)” cos (6]

1
° 2[Ef~(prc)? cos(6,)] W
|
Here E. (Ep) is the total energy, masinetic, for the T T
electron(projectile after the elastic collisionE;=E.+Ep \/ = S| 2+ = 2)
and pr=p+ pp are the total energy and linear momentum, bo=C MoeC MpeC cm/ns 3)
respectively, for the system of the two particleBg, € Te '
=mpeC? (Egp=mgpC?) is the rest mass energy for the elec- 1+ 2
Oe

tron (projectile and Aye=E7—(prc)’~ (Efp—EGe) [Agp
_E2 2 2
=E7—(prc)*+(Egp—Ege)]. We have then extracted the \ye recall that classically, for the limiting case of two par-
electron velocity from the two following formulas: ticles of masan; andm, with m;>m, and 6,= 6,=0, Eq.
(1) reduces simply to
Te=Ee— mOeC2 ) vi~Ug,  vp~2U5— Uy, 4

where u; (u,) is the velocity of particle 1(2) before the
and collision. It is clear from Eq(4) that if u, is negativev, can
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FIG. 9. Electron velocity spectra for the reactions” 28Ni(45
MeV/u)+ *2C,?7Al, and '°’Au at 32.5°. The target thicknesses are - v i .
approximately 1000, 300, and 3Q@y/cn?, respectively. Le Tll“ " E
0 5 10 15 20 25 30

reach values higher than twice the projectile velocity, while Electron Velocity (cm/ns)

the projectile keeps approximately its velocity.

The velocityv was varied from 2 to 16 cm/ns. The com-

FIG. 10. Electron velocity spectra for the Au target at two dif-

plete high velocity electron distribution was obtaind by sum-ferent laboratory angles, 27.5° and 52.5°, respectivelgiand (b)

ming the “multiple collision sequence” componefrulti-
plied by the normalization constak) to a fixed Gaussian
distribution centered around the experimental BE centroid aﬁ.n
6°. The exponerd was adjusted from a fit of the new veloc-
ity distribution to the high velocity part of the measured
spectrum at 6°. In this simple calculation, we did not take

(thin line) in comparison with the prediction of a Monte Carlo
simulation, based on a simple two-step multiple collision sequence
echanism(high velocity, dotted line, see textThe Gaussians
itting the BE peakgdashed ling are also shown. For the high
velocity part of the spectrum, the sum of the Gaussian BE compo-
nent and the multiscattering component is also sh@itk line).

The beam velocity and the expected electron velocity for a relativ-

into account resolution effects nor the fact that electrongg;. binary elastic encounter are indicated by arrows. The shad-
could collide with the ingoing nucleus in a noncollinear way. gyed area indicates the experimental electronic thresheRi-9
This procedure accounts only for the high velocity part of thegm/ng,
tail. Experimental backward-emitted electron spectra present
threshold effects below about 7 cm/ns. It is, however, rather

the high-energy part of the specttsee, e.g., Fig. Athat

Electrons from different production mechanisms can serve as

determines the very-high-energy wing of the calculated forprobes for different aspects of ion-solid interactions. BE

ward distribution as shown in Fig. 10, so that the influence o
such threshold effects is of minor importance. The results ar
shown in Fig. 3 of Ref[28] for ®=6°. The “multiple col-

lision sequence” component fits quite well the experimenta
tail with 1/a=3.0 cm/ns, with an area 6£0.5-1% of the

BE peak. We have extended the calculations for other angles;
by using the same method with the same value for dhe
parameter and taking into account the time-of-flight resolu
tion. A general agreement was obtained between the calcu
lations and the experimental spectra. An example is shown i
Fig. 10 for the electron velocity spectra at 27.5° and 52.

VI. CONCLUSION

]electrons from thin foils probe the very first consequence of
guch interactions, that is the event of primary ionization. Al-
ready at this stage, “high charge effect¢deviations from
first-order theory, multiple ionizationand the complex dy-
namics of electrons within the combingdcreened non-
goulomb projectile-target potential render this phenomenon
very complicate. Then, with increasing target thickness,
transport effects also come into play. Convoy electrons
feel” the neighborhood of the moving ion and may serve
gsa probe of the positively charged wake “just behind” the
50_moving ion in insulators. However, we did not observe a

striking difference in the electron spectra with an insulating
target. Effects on convoy electron emission due to a lens
focussing effect by the charged wake of heavy ions in insu-
lating targets were reporte®29]. On the other hand, we
In conclusion, we measured absolute fast-electron ejedound that the convoy component of forward electron spectra
tion cross sections at “intermediate” projectile energies.strongly depends on the incoming projectile charge state.
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At the most forward angles, the centroid of the binaryelectron emission in a very efficient way. Even multiple co-
encounter electron velocity peak follows a law of the type:incidences(electrons, recoiled atoms, scattered projectiles,
v(0°)cosé [13], but v(0°) is ~10% lower than the value and fragmentsbecome possible. In order to understand the
predicted by a two-body relativistic elastic collision kinemat- observed BE peak shift and the contribution of the multiple
ics. The value ofv(0°) is hardly dependent on the target collision sequence mechanism to high-enery electron ejec-
material and thickness. This feature is in contrast with thEOtion, further studies of the project”e dependence are needed,

retical expectations based on low-energy experimgéis  as well as an extension of the investigated velocity range.
The high-velocity part of the BE peak exhibits an extended

tail for heavy targets which can be explained by a multiple

cqllision sequ.ence.mechanism:_ electrpns emiltted.from the ACKNOWLEDGMENTS
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