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Fast-electron production in atomic collisions induced by 77A-MeV 40Ar ions studied
with a multidetector
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Fast electron velocity spectra have been measured by means of the multidetector ARGOS~actually located
at Laboratorio Nazionale del Sud, Catania! in a large angular range for atomic collisions induced by a
77A-MeV 40Ar beam on an Al target. The results are in a fair agreement with a recently proposed relativistic
billiard ball model and quasielastic scattering approximation calculations. However, the experimental binary-
encounter peak velocities are found to be significantly lower than theoretically predicted. The data also show
evidence for an excess of fast electrons in the backward direction.@S1050-2947~98!06310-0#

PACS number~s!: 34.50.Fa, 25.70.2z, 79.20.Rf
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I. INTRODUCTION

It is well known to experimental nuclear physicists th
a great number of fast electrons are produced when
ion beam of intermediate energy ('20A MeV,E,200A
MeV) impinges on a solid foil target. They are in genera
source of disturbance for experimental detection systems
fecting their resolution. To avoid this inconvenience, it
customary to apply a suitably high voltage on the tar
holder or to use magnetic deflectors. No systematic exp
mental investigations, however, have been carried out on
field. From an atomic collision physics point of view, studi
at beam energies above 10A MeV are quite scarce~for re-
views see, e.g.,@1–3#!. Only recently, fast electron energ
spectra have been the object of particular studies by s
state experimentalists or atomic collision theorists@1,4–7#.

From these studies, it emerges that in the forward be
direction, fast electrons are essentially due to two reac
mechanisms. A binary encounter~BE! between the inciden
ion and an atomic electron produces electrons with a m
mum velocity of almost twice the projectile velocity. Also
target electrons may be captured or projectile electrons
be lost into low-lying projectile centered continuum stat
These so-called convoy electrons travel with a velocity cl
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to that of the projectile and lead to a cusp-shaped pea
electron spectra. Electrons of velocity higher than the o
corresponding to the binary encounter have also been
served and explained as due to multiple scattering within
combined target-projectile system@8,9#. The observation of
energetic electrons at large angles and even in the backw
direction have been explained in part by transport theo
@1,4,10#.

In the following, after a short description of the ARGO
multidetector array, the experimental results will be p
sented and compared with the predictions of the sim
model of Ref.@5# and the calculations of Ref.@6#.

II. EXPERIMENTAL SETUP AND DETECTION METHOD

The experiment was done at GANIL using a 77A-MeV
181 40Ar beam impinging on a 90-mg/cm2-thick Al target,
tilted at 45° with respect to the beam direction. The ARGO
multidetector@11# was placed in the large scattering chamb
NAUTILUS. Depending on the experimental requiremen
the ARGOS detectors can be arranged in various arrays

Each detector consists of a hexagonal BaF2 crystal modi-
fied into phoswich by means of a fast plastic scintillat
sheet of suitable thickness, according to the charge and
3634 ©1998 The American Physical Society
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FIG. 1. Two-dimensional plot of the fast PM signal component as a function of~a! the slow component and~b! the time of flight,
respectively, from the reaction40Ar (77A MeV)127Al for a detector placed at210° with the PM gain increased in order to optimize t
electron detection.~b! shows the fast component as a function of the time of flight for electrons selected by the contour plot indicate
in ~a!. The corresponding velocity spectrum, obtained by taking as a reference the promptg-ray peak, is shown in the histogram of~c!. The
part of the histogram affected by threshold effects is represented by a dash-dotted line. The beam velocity (vP511.5 cm/ns) and twice the
beam velocity (2vP523 cm/ns) are indicated.
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namical range of the ions to be detected@11–13#. The light
created by the particles is collected by photomultiplie
~PM’s!. Each crystal has a surface of 25 cm2 and a thickness
variable up to 10 cm, stopping protons of energy up to 2
MeV. In addition to energetic photons, this phoswich det
tor can identify light charged particles, heavy ions, and e
neutrons~with an efficiency of about 8%@14#!. A full detec-
tion of electrons involves a substantial increase of the
voltage, so the PM electronic pulses overcome the discr
nator electronic thresholds and hence can be properly
cessed by the QDC~charge to digital converter!. This im-
plies the saturation of PM signals for energetic particl
Timing characteristics of the phoswich detector are well
hanced, reaching values less than about 250-ps resolutio
that precise time-of-flight measurements are possible if s
able flight paths and start signals with good time resolut
are available. The ARGOS detector array is described
more detail in Refs.@11–13, 15,16#.

The present arrangement consisted of three distinct p
s

0
-
n

i-
o-

.
-
so

it-
n
in

ts:

~i! a forward wall of 60 phoswiches, placed between 0.7° a
7° with a honeycomb shape at a distance of 235 cm from
target, with an angular separation between the centers of
adjacent detectors of approximately 1.5°;~ii ! a backward
wall of 18 phoswiches, placed between 160° and 175° a
distance of 50 cm from the target; and~iii ! a battery of ap-
proximately 30 detectors in the horizontal plane, on bo
sides of the beam direction, between 10° and 150° and
distance from the target varying from 2 to 0.5 m according
the expected counting rate. In the following, negative ang
will be adopted for the detectors lying on the same side
the one affected by the target shadow at 45°. Also, in
backward direction there is a target shadow at 135° for p
tive angles. A particle produced in a nuclear or atomic re
tion will have to cross a thicker target in the forward angu
range when emerging at negative angles than in the cas
corresponding positive angles. The geometry is shown in
inset of Fig. 4.

In this experiment we used a plastic scintillator thickne
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FIG. 2. ~a! Fast component as a function of the time of flight for a backward-wall detector placed at 172°. The contour plot indic
e has been used to select the electrons, whose velocity spectrum is shown in~b!. The beam velocity (vP511.5 cm/ns) and twice the beam
velocity (2vP523 cm/ns) are indicated in~b!. Note also a second electron locus on the right-hand side of~a! due to the pulsed nature of th
beam.
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of 1.9 mm for the forward wall and variable thicknesses fro
700 to 30mm for the in-plane detectors and 30mm for the
backward wall. Full identification of all the reaction produc
is achieved by shape discrimination of the PM signals a
time-of-flight techniques@15,16#. The PM signal consists o
a fast and a slow component. The shape analysis is don
gating during two time windows with different widths; th
output of the PM’s and the two signals are charge integra
and digitized by QDC’s. By plotting the fast versus the slo
component, one can separate the different particles.

Electrons are well identified on the left line of Fig. 1~a!,
which corresponds to low-energy particles stopped in
plastic sheet. The other branch on the right is due to parti
that do not interact with the plastic, but only with the crist
such as directg rays, cosmic rays, and neutrons undergo
d
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d

e
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,
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a nuclear reaction with the BaF2 crystal. Figure 1~b! shows
the fast component as a function of the time of flight for t
electrons selected in the fast-slow representation@as indi-
cated by the thin frame in Fig. 1~a!#. In Fig. 1~c! the deduced
electron velocity spectrum is shown; the promptg-ray peak
(Dt'500 ps) has been taken as the reference time.
binary-encounter peak is well resolved, while threshold
fects are important for lower velocities. The convoy ele
trons having velocities close to the beam velocities are v
forward peaked and are not seen at this angle. The estim
resolution on the velocity measurement isDv/v'5%.

In this experiment all the in-plane detectors, the backw
wall, and only 14 out of 60 detectors of the forward wa
were optimized for the detection of electrons by increas
the PM voltage. The other detectors of the forward w
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worked in the usual way~‘‘normal run’’ !, i.e., detected
charged nuclear products from light charged particles up
projectile fragments. A minimum multiplicity of 2 was re
quired for an event to be recorded. We shall assume in
following that the detected electrons are uncorrelated w
the coincident nuclear products or other detected particles
their yield is a representative sample of the inclusive elect
yield.

III. EXPERIMENTAL RESULTS AND COMPARISON
TO THEORY

By using the experimental method outlined in the prec
ing section, we have extracted electron velocity spectra in
entire angular range, from 1.5° to 172°. For the forward
gular range from 1.5° to 60°, the electronic threshold d
not affect the high-velocity~BE! component of the spectrum
for which the maximum positions and relative cross secti
can be extracted as a function of the laboratory angle un
biguously.

For angles greater than 60°, the threshold effects bec
significant on the velocity spectra. The extracted maxim
positions must then be considered as an upper limit for
high-velocity component of the spectrum. As an examp
the fast component is reported as a function of the time
flight in Fig. 2~a! for one of the backward-wall detectors
172°. Although the fast component is truncated by the e
tronic threshold, there is evidence, by inspecting the tw
dimensional plot, that a maximum lies above the thresh
Note also that a second electron locus is present on the r
due to the 81.5-ns radio-frequency repetition rate of
pulsed beam. The velocity spectrum, extracted following
contour plote of Fig. 2~a!, is reported in Fig. 2~b!.

FIG. 3. Maximum position for the high-velocity component
the electron velocity spectra reported for 14 detectors of the forw
wall at the indicated angles. The uncertainties of the measured
locity values are indicated by the error bars. The 0° expected e
tron velocities for a classical (ve52vP) and a relativistic@ve

5v rel as given by formulas~1! and ~2!# binary encounter, respec
tively, are also indicated.
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Figure 3 shows the maximum position for the electr
velocity spectra measured in the 14 detectors of the forw
wall, at the indicated angles. All the values are narrow
restricted around 18 cm/ns, somewhat lower than the
cm/ns expected if a classical binary encounter occurs
tween the incident40Ar ion of velocity vP511.5 cm/ns and a
pointlike electron at rest. Similar discrepancies are obser
at other angles.

Plotted in Fig. 4 is the maximum position of the high
velocity component of the electron velocity spectrum as
function of the angle. Two features are clearly visible. Fir
from 1.5° to 60°, the maximum position behaves li
v0cosu, with v0'18 cm/ns. This angular variation is ex
pected from classical kinematics if a binary encounter occ
between the incident40Ar ion of velocity vP511.5 cm/ns
and a pointlike electron at rest. However, thev0 value is
somewhat lower than 2vP523 cm/ns, as predicted by thi
picture. Note that thisv0'18 cm/ns value is obtained inde
pendently for all of the 14 detectors of the forward wall.

Second, starting from 60° and for increasing angles,
behavior is almost flat at around 9.5 cm/ns. Taking into
count the above discussion on the threshold effects, the
sition of the maximum at backward angles could be sligh
overestimated, but there is in any case strong evidence
high-velocity electrons in the backward direction.

Recently, De Paolaet al. @5# have introduced a billiard
ball model including classical Rutherford scattering to rep

rd
e-
c-

FIG. 4. Maximum position for the high-velocity component
the electron velocity spectra as a function of the laboratory an
The uncertainties of the measured velocity values are indicate
the error bars for angles up to 60° that are not affected by thres
effects. The values for angles larger than 60° can be regarde
upper limits ~see the text!. The solid and the dot-dashed lines a
the predictions of the billiard ball model@5# and the EIA calcula-
tions @6#, respectively. The dashed line is the functionv5v0cosu,
with v0'18 cm/ns. The two arrows at 11.5 and 23 cm/ns indic
the beam velocity and twice the beam velocity, respectively. Em
and full circles are used for detectors placed at ‘‘positive’’ a
‘‘negative’’ angles with respect to the beam direction, respective
as shown for clarity in the inset.
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FIG. 5. Experimental electron velocity spectra@solid histograms~negative detection angles! and solid-hatched histograms~positive
detection angles!# are compared with the spectra~in absolute units! as predicted by Ref.@6# ~full circles! at the indicated laboratory angles
The maximum of the experimental spectrum at210° has been arbitrarily normalized to the maximum of the corresponding theoretica
The part of the histogram affected by threshold effects is represented by a dashed line.
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duce their relativistic data on binary-encounter electrons p
duced by bombarding a carbon foil with 35A- and 93A-MeV
40Ar beams. In their experimental method a magnetic sp
trometer was used to analyze the momentum of the elect
issued from the collision zone. They observe in general g
agreement between the experimental data and the predic
of the model. We have reported the predictions of the billia
ball model@5# for the BE electron velocity as a function o
the scattering angle in Fig. 4. The following formulas we
used:

ve~cm/ns!5c

A Te

mec
2 S 21

Te

mec
2D

11
Te

mec
2

~1!

and

Te~MeV!5
2mec

2~Tp
212mpc2Tp!cos2uL

ET
22~Tp

212mpc2Tp!cos2uL
, ~2!
-

c-
ns
d
ns

d

where ET5Tp1mpc21mec
2, c529.98 cm/ns is the light

velocity, mec
250.511 MeV andmpc2 are the electron and

projectile rest mass, respectively, expressed in MeV, andTe

andTp are the electron and projectile kinetic energy resp
tively, expressed in MeV.uL is the electron detection labo
ratory angle.

Note that the use of relativistic relations~1! reduces the
classicalv0 value at 0° from 23 to 20 cm/ns. An overestim
tion of the maximum position still persists between 1.5° a
60°, where experimental values are approximately 1
lower than the predictions.

The double-differential cross sectionsd2s/dvdV are
plotted in Fig. 5 for different emission anglesuL as indi-
cated. Note the difference between spectra for ‘‘positiv
and ‘‘negative’’ angles from the tilted target~tilt angle 45° to
the ion beam axis; see the inset in Fig. 4!. Up to uL530°,
most of the electrons emitted in forward direction at negat
angles must cross a larger effective target thickness t
those emitted at positive angles. Only a small fraction
electrons stem from the outermost layers near the exit
face and leave the target without a secondary interaction
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form the high-energy part of the spectra. Therefore, the sp
tra for positive and negative angles agree well at h
enough electron velocities~above and slightly below the BE
peak maximum!. In contrast, the spectra for negative ang
show an enhanced intensity~up to a factor 3–5! in particular
at low velocities. This is due to the contribution of seconda
electrons created by fast electrons from deeper layers
uL5630°, the effective target thickness to be crossed by
fast electron at negative angles is up to about four times
large as for positive angles. Most of these electrons fr
deep within the solid have suffered secondary collisions
thus have lost a part of their initial velocity. From a simp
estimate of the mean free path~MFP! of fast electrons in
solids@which behaves likeAEn as a function of the electron
energy, with material-dependent constantsA and n as dis-
cussed in@7,10# # we can calculate that the target thickness
our Al target is in the order of four MFP’s at 3° and 10°,
that the probability of secondary interaction is relative
small. In contrast, for negative angles atuL530°, the effec-
tive target thickness increases to nearly 20 MFP’s, so s
transport effects~energy loss and angular straggling! cannot
be neglected.

Let us now compare our experimental velocity spectra
the ones predicted by Ref.@6#. In these calculations~for de-
tails see Ref.@6#! the ejection of binary encounter electro
from the target by heavy, highly charged projectiles in
single collision is described by the quasielastic scatter
approximation, where ionization takes place via elect
transfer to the projectile continuum. At sufficiently energe
collisions, any interaction with the target core during t
collision may be neglected@this is the so-called electron
impact approximation~EIA!#. The active electron scatter
elastically from the projectile field and the correspondi
cross section is then folded with the electron’s moment
distribution in its initial state~the so-called Compton profile!.
In the numerical calculations, Hartree-Fock bound-st
wave functions and experimental atomic binding energ
were used. The influence of solid-state effects on the m
mentum distributions, particularly affecting the valence el
trons, was not taken into consideration. Also, any thick tar
effects such as energy loss or angular straggling of the
electrons on their way through the target have not been c
sidered either.

The theoretical values~full circles in Fig. 5! have been
convoluted to account for the experimental momentum re
lution and normalized to the height of the experimental
peak atuL510°.

First of all, we observe that the experimental peaks
clearly shifted to lower energies at all angles. This resul
surprising in view of the finding that experimental and the
retical BE peak positions are close for 35A- and 93A-MeV
Ar impact on carbon foils@5#.

Second, we observe that the shape and in particular
width of the experimental peaks are reasonably well rep
duced by the calculation for the smallest ejection angles~3°
and 10°!. In this case, the widths are mainly determined
the initial momentum distribution of the bound target ele
trons ~Compton profile! convoluted with the instrumenta
resolution since transport effects are of minor importance
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shown above. Even at the smallest angles, however, trans
effects already broaden the experimental distribution w
respect to theory.

Third, at larger angles, one clearly observes how the
perimental peak becomes broader than the calculated p
in particular for the negative angles spectra. As already
cussed, this is due to secondary scattering of electrons in
solid. They suffer both angular scattering and energy loss
their way from the point of ionization to the surface. Th
broadens the distribution~angular and energy straggling! and
shifts the maximum to lower velocities. Single collision co
ditions for the outgoing electrons are no longer fulfilled.

Finally, we find that the differential cross section as
function of the laboratory angle~see Fig. 6! shows a behav-
ior compatible with a 1/cos3uL law and is in agreement with
the prediction of both the billiard ball model and the relati
istic EIA @6#.

IV. DISCUSSION AND CONCLUSION

The results of Fig. 4 need some further discussion a
considerations before drawing some conclusions. First,
maximum of BE velocity spectra as a function of the lab
ratory angle is systematically smaller than the predictions
a simply relativistic two-body billiard ball model@5# and the
more sophisticated EIA theory@6#, unlike the experimenta
results of Ref.@5# ~see above!. We want to stress here tha
the experimental methods used here and in@5# are different.
In fact, in Ref.@5# the use of a spectrometer is made, w
connected calibration procedures, involving in particular
assumption that the electron cusp velocity is the same as
beam velocity. In our method we use the promptg-ray peak
as reference time, measuring theg-ray time of flight tg ,

FIG. 6. High-velocity electron emission cross section as a fu
tion of the laboratory detection angle. The line represents the fu
tion const/cos3 uL , as predicted in@5#, while the dashed line is the
prediction of calculations of Ref.@6#. Both experimental data and
the predictions of@5# are normalized to the absolute value predict
by @6# at 10°. The symbols are the same as in Fig. 4.
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FIG. 7. ~a! Experimental electron velocity spectrum for a forward-wall detector atuL521.5°. The beam velocity (vP511.5 cm/ns),
twice the beam velocity (2vP523 cm/ns), and the relativistic binary encounter velocity@ve5v rel as given by formulas~1! and ~2!# are
indicated. The first peak with a centroid close to the beam velocity is affected by threshold effects. The proton time-of-flight spe
reported in~b! for the same detector as in~a! and for the same reaction40Ar(77A MeV)127Al, respectively, for a run with ‘‘normal’’~see
the text! PM voltage in which the elastic peak relative to the reaction40Ar(77A MeV)1197Au has been taken as reference time~solid
histogram! and for the run optimized for electron detection~present measurement!, in which the promptg-ray peak has been taken a
reference time~dashed histogram!.
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given by tg5a(cg2c0), wherea ~ns/channel! is obtained
from the TDC~time to digital converter! calibration andcg is
the measured promptg-ray peak centroid. We use then th
extracted value ofc0 to convert the electron time of fligh
from ce ~TDC channels! to te ~ns!, as given byte5a(ce
2c0). We estimate the precision on the electron time
flight better than 1 ns. This leads to the estimated value o
cm/ns with an upper limit of 19 cm/ns for the BE electr
velocity at the most forward angles, still below the value
20 cm/ns predicted by@5#.

A cross-check of our method is another calibration pro
dure, in which thec0 parameter is calculated by taking a
other reference time, for instance, the one relative to
beam velocity. In a separate normal run~i.e., a run with
normal gain of the PM in order to detect only nuclear pro
ucts, disregardingg and electron detection! we measured
elastic scattering on a gold target and extracted the rela
f
8

f

-

e

-

ve

c0 (c0,elast). We note that at our incident energy, we observ
no 40Ar elastic scattering on the Al target, even at the sma
est detection angleuL51.5°. We then constructed the proto
velocity spectrum as shown in Fig. 7~b!. On the other hand
by the same method as outlined above~see Fig. 1!, we have
separated electrons for this detector and obtained the elec
velocity spectrum reported in Fig. 7~a!, taking as reference
the promptg-ray peak. This spectrum is dominated by t
BE peak centered at approximately 18 cm/ns. We have
constructed the corresponding proton time-of-flight spectr
and compare it in Fig. 7~b! with the one obtained as de
scribed above by using thec0,elastvalue. We find good agree
ment between the two time-of-flight spectra, either for th
detector atuL51.5° and for the other 11 detectors of th
forward wall atuL53°. This is an important confirmation o
the validity and precision of the method used.

We do not know the physical origin of the observed sh
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of the electron velocity spectra with respect to the sim
two-body picture of Ref.@5# and the EIA of Ref.@6#. Either
the two models@5,6# are inadequate to describe the nucle
electron interaction at these intermediate energies or o
solid-state effects are present in the interaction between
incident ion and the atoms of the target. Experimental e
dence has been reported for a deceleration of convoy e
trons produced by 5A-MeV ions during the interaction with
insulator foils @18#, although such a mechanism seems u
likely in the present case of swift electrons that should h
been ejected from the interaction zone before the ion tr
potential could have built up. Rather, two center effects a
the complex dynamics of the electron in the combin
projectile-target field@3# could be responsible for an energ
shift. Another possibility lies in the influence of the proje
tile nucleus in the inverse kinematics of electron nucle
scattering at small impact parameters.

In conclusion, we have measured BE electron veloc
spectra in a wide angular range by means of time-of-fli
techniques. The main features of the data are nicely re
duced by the simple billiard ball model proposed in@5#.
Also, the shape and in particular the width of the BE peak
small ejection angles are reasonably well reproduced by
EIA theory @6#. At larger angles, electron transport in th
solid leads to a broadening of the measured peak. We
serve, however, discrepancies as large as 10% betwee
experimental and the predicted electron emission velocit
A.
n

ra

,

e

is,
H.

as

d

h,
e

-
er
he
i-
c-

-
e
k
d
d

s

y
t
o-

t
e

b-
the
s.

A further result is an excess of energetic electrons in
backward direction, whose origin is not clear. Possible
planations include backscattering of electrons, which may
accounted for in the electron transport theories in solid
gets @1,10,17#. To study this effect some experiments a
planned@19#, in which the electron velocity spectra will b
measured as a function of the target thickness.

At the moment we cannot excludea priori a nuclear ori-
gin for these electrons or for some of them, even if no stud
exist to our knowledge to support this hypothesis. Nor c
we exclude for the moment that the coincidence requi
between the electron and a projectilelike fragment in the f
ward direction, which automatically induces a correlati
with the atomic impact parameters, favors the ejection of
most inner-shell atomic electrons. To elucidate this point,
analysis of the coincidence data together with the realiza
of more sophisticated coincidence experiments is planned
the future.
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