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Fast-electron production in atomic collisions induced by 7&-MeV “Ar ions studied
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Fast electron velocity spectra have been measured by means of the multidetector A&B@#y located
at Laboratorio Nazionale del Sud, Catania a large angular range for atomic collisions induced by a
77A-MeV “°Ar 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 dire¢8di950-29478)06310-0

PACS numbe(s): 34.50.Fa, 25.76-z, 79.20.Rf

[. INTRODUCTION to that of the projectile and lead to a cusp-shaped peak in
electron spectra. Electrons of velocity higher than the one
It is well known to experimental nuclear physicists that corresponding to the binary encounter have also been ob-
a great number of fast electrons are produced when agerved and explained as due to multiple scattering within the
ion beam of intermediate energy=ROA MeV<E<200A  combined target-projectile systef,9]. The observation of
MeV) impinges on a solid foil target. They are in general a€hergetic electrons at large angles and even in the backward
source of disturbance for experimental detection systems, aflirection have been explained in part by transport theories
fecting their resolution. To avoid this inconvenience, it is [1,4,10. ] o
customary to apply a suitably high voltage on the target In_ the following, after a shor'_[ description of the_z ARGOS
holder or to use magnetic deflectors. No systematic experihultidetector array, the experimental results will be pre-
mental investigations, however, have been carried out on thigénted and compared with the predictions of the simple
field. From an atomic collision physics point of view, studies Model of Ref.[5] and the calculations of Reff6].
at beam energies above AMeV are quite scarcéfor re-
views see, e.g[1-3]). Only recently, fast electro_n energy || ExpERIMENTAL SETUP AND DETECTION METHOD
spectra have been the object of particular studies by solid
state experimentalists or atomic collision theor{stg!—7]. The experiment was done at GANIL using aA¢fMeV
From these studies, it emerges that in the forward beart8" “°Ar beam impinging on a 9@kg/cn?-thick Al target,
direction, fast electrons are essentially due to two reactiomilted at 45° with respect to the beam direction. The ARGOS
mechanisms. A binary encount@E) between the incident multidetecto11] was placed in the large scattering chamber
ion and an atomic electron produces electrons with a maxiNAUTILUS. Depending on the experimental requirements,
mum velocity of almost twice the projectile velocity. Also, the ARGOS detectors can be arranged in various arrays.
target electrons may be captured or projectile electrons may Each detector consists of a hexagonal Befystal modi-
be lost into low-lying projectile centered continuum states.fied into phoswich by means of a fast plastic scintillator
These so-called convoy electrons travel with a velocity closesheet of suitable thickness, according to the charge and dy-
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FIG. 1. Two-dimensional plot of the fast PM signal component as a functio@ahe slow component an¢b) the time of flight,
respectively, from the reactioffAr (77A MeV)+27Al for a detector placed at 10° with the PM gain increased in order to optimize the
electron detection(b) shows the fast component as a function of the time of flight for electrons selected by the contour plot indieted by
in (a). The corresponding velocity spectrum, obtained by taking as a reference the proayppeak, is shown in the histogram @j. The
part of the histogram affected by threshold effects is represented by a dash-dotted line. The beam vegledify§ cm/ns) and twice the
beam velocity (2p=23 cm/ns) are indicated.

namical range of the ions to be detecfdd—-13. The light (i) a forward wall of 60 phoswiches, placed between 0.7° and
created by the particles is collected by photomultipliers7° with a honeycomb shape at a distance of 235 cm from the
(PM’s). Each crystal has a surface of 25%amd a thickness target, with an angular separation between the centers of two
variable up to 10 cm, stopping protons of energy up to 20(adjacent detectors of approximately 1.%f;) a backward
MeV. In addition to energetic photons, this phoswich detecwall of 18 phoswiches, placed between 160° and 175° at a
tor can identify light charged particles, heavy ions, and everistance of 50 cm from the target; afid) a battery of ap-
neutrongwith an efficiency of about 8%l4]). A full detec-  proximately 30 detectors in the horizontal plane, on both
tion of electrons involves a substantial increase of the PMsides of the beam direction, between 10° and 150° and at a
voltage, so the PM electronic pulses overcome the discrimidistance from the target varying from 2 to 0.5 m according to
nator electronic thresholds and hence can be properly prahe expected counting rate. In the following, negative angles
cessed by the QD@charge to digital convertgr This im-  will be adopted for the detectors lying on the same side as
plies the saturation of PM signals for energetic particlesthe one affected by the target shadow at 45°. Also, in the
Timing characteristics of the phoswich detector are well enbackward direction there is a target shadow at 135° for posi-
hanced, reaching values less than about 250-ps resolution, see angles. A particle produced in a nuclear or atomic reac-
that precise time-of-flight measurements are possible if suittion will have to cross a thicker target in the forward angular
able flight paths and start signals with good time resolutiorrange when emerging at negative angles than in the case of
are available. The ARGOS detector array is described iorresponding positive angles. The geometry is shown in the
more detail in Refs[11-13, 15,1& inset of Fig. 4.

The present arrangement consisted of three distinct parts: In this experiment we used a plastic scintillator thickness
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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 indicated by
e has been used to select the electrons, whose velocity spectrum is shdwnTihe beam velocityp=11.5 cm/ns) and twice the beam
velocity (20 =23 cm/ns) are indicated iflb). Note also a second electron locus on the right-hand sida oue to the pulsed nature of the
beam.

of 1.9 mm for the forward wall and variable thicknesses froma nuclear reaction with the Bafrystal. Figure {b) shows

700 to 30um for the in-plane detectors and 30n for the  the fast component as a function of the time of flight for the

backward wall. Full identification of all the reaction products electrons selected in the fast-slow representafis indi-

is achieved by shape discrimination of the PM signals andated by the thin frame in Fig(d)]. In Fig. 1(c) the deduced

time-of-flight technique$15,16. The PM signal consists of electron velocity spectrum is shown; the promptay peak

a fast and a slow component. The shape analysis is done lfAt~500 ps) has been taken as the reference time. The

gating during two time windows with different widths; the binary-encounter peak is well resolved, while threshold ef-

output of the PM’s and the two signals are charge integratetects are important for lower velocities. The convoy elec-

and digitized by QDC'’s. By plotting the fast versus the slowtrons having velocities close to the beam velocities are very

component, one can separate the different particles. forward peaked and are not seen at this angle. The estimated
Electrons are well identified on the left line of Figal, resolution on the velocity measurementAis/v ~5%.

which corresponds to low-energy particles stopped in the In this experiment all the in-plane detectors, the backward

plastic sheet. The other branch on the right is due to particlesall, and only 14 out of 60 detectors of the forward wall

that do not interact with the plastic, but only with the cristal, were optimized for the detection of electrons by increasing

such as directy rays, cosmic rays, and neutrons undergoingthe PM voltage. The other detectors of the forward wall
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e L e L N Figure 3 shows the maximum position for the electron

L 2v, velocity spectra measured in the 14 detectors of the forward
- wall, at the indicated angles. All the values are narrowly
20 kv, restricted around 18 cm/ns, somewhat lower than the 23

cm/ns expected if a classical binary encounter occurs be-
tween the incident®Ar ion of velocity v p=11.5 cm/ns and a
pointlike electron at rest. Similar discrepancies are observed
at other angles.

Plotted in Fig. 4 is the maximum position of the high-
velocity component of the electron velocity spectrum as a
function of the angle. Two features are clearly visible. First,

BEEEEEEREEREN

Electron velocity (cm/ns)

from 1.5° to 60°, the maximum position behaves like
o 340° voCc0s6, with vy=~18 cm/ns. This angular variation is ex-
. pected from classical kinematics if a binary encounter occurs
5 * 15 between the incidenfAr ion of velocity vp=11.5 cm/ns
m 45 and a pointlike electron at rest. However, thg value is
. 6o° somewhat lower than =23 cm/ns, as predicted by this

1 1 i 1 | 1 Il | ,L 1 1 ). 1 | L 1 ] 1 | 1 1 1 1

10

picture. Note that thisy=~18 cm/ns value is obtained inde-
0 e pendently for all of the 14 detectors of the forward wall.
Detector number Second, starting from 60° and for increasing angles, the
behavior is almost flat at around 9.5 cm/ns. Taking into ac-
FIG. 3. Maximum position for the high-velocity component of count the above discussion on the threshold effects, the po-
the electron velocity spectra reported for 14 detectors of the forwardition of the maximum at backward angles could be slightly
wall at the indicated angles. The uncertainties of the measured vgyyerestimated, but there is in any case strong evidence for
locity values are indicated by the error bars. The 0° expected e|e‘high-velocity electrons in the backward direction.
tron velocities for a classicalv¢=2vp) and a relativistic[v, Recently, De Paolat al. [5] have introduced a billiard

=vye @S given by formulagl) and (2)] binary encounter, respec- )| model including classical Rutherford scattering to repro-
tively, are also indicated.

25 T e e

worked in the usual way(“normal run”), i.e., detected 2
. . <= “% Target

charged nuclear products from light charged particles up to L positive
projectile fragments. A minimum multiplicity of 2 was re- r jon M angles
quired for an event to be recorded. We shall assume in the 2 r beam \ negative
following that the detected electrons are uncorrelated with angles
the coincident nuclear products or other detected particles, s(@
their yield is a representative sample of the inclusive electron
yield.
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IIl. EXPERIMENTAL RESULTS AND COMPARISON
TO THEORY
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By using the experimental method outlined in the preced-
ing section, we have extracted electron velocity spectra in the
entire angular range, from 1.5° to 172°. For the forward an- ®
gular range from 1.5° to 60°, the electronic threshold does
not affect the high-velocityBE) component of the spectrum,
for which the maximum positions and relative cross sections [, 1 o101 N e
can be extracted as a function of the laboratory angle unam 0 20 40 60 B8O 100 120 140 160 180
biguously. Oy, (deg)

For angles greater than 60°, the threshold effects become
significant on the velocity spectra. The extracted maximurqhe
positions must then be considered as an upper limit for therhe
high-velocity component of the spectrum. As an example

=

FIG. 4. Maximum position for the high-velocity component of
electron velocity spectra as a function of the laboratory angle.
uncertainties of the measured velocity values are indicated by

he f . d f . f the ti he error bars for angles up to 60° that are not affected by threshold
the fast component is reported as a function of the time o ffects. The values for angles larger than 60° can be regarded as

flight in Fig. (@) for one of the backward-wall detectors at | oner jimits (see the tejt The solid and the dot-dashed lines are
172°. Although the fast component is truncated by the eleCme predictions of the billiard ball modgb] and the EIA calcula-
tronic threshold, there is evidence, by inspecting the twojons[6], respectively. The dashed line is the functiom v,cosé,
dimensional plot, that a maximum lies above the thresholdyith ;,~18 cm/ns. The two arrows at 11.5 and 23 cm/ns indicate
Note also that a second electron locus is present on the righthe beam velocity and twice the beam velocity, respectively. Empty
due to the 81.5-ns radio-frequency repetition rate of theand full circles are used for detectors placed at “positive” and
pulsed beam. The velocity spectrum, extracted following the‘negative” angles with respect to the beam direction, respectively,
contour plote of Fig. 2a), is reported in Fig. ). as shown for clarity in the inset.
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FIG. 5. Experimental electron velocity specfisolid histograms(negative detection anglesind solid-hatched histograngpositive
detection angle$ are compared with the spectfia absolute unitsas predicted by Ref6] (full circles) at the indicated laboratory angles.
The maximum of the experimental spectrum-&t0° has been arbitrarily normalized to the maximum of the corresponding theoretical one.
The part of the histogram affected by threshold effects is represented by a dashed line.

duce their relativistic data on binary-encounter electrons prowhere Er=T,+ mpcz+ mec?, ¢=29.98 cm/ns is the light
duced by bombarding a carbon foil with5and 9&-MeV  velocity, mec?=0.511 MeV andmyc? are the electron and
Ar beams. In their experimental method a magnetic SPeCprojectile rest mass, respectively, expressed in MeV, &nd
trometer was used t_o_analyze the momentum of the electro%d-rp are the electron and projectile kinetic energy respec-
issued from the collision zone. They observe in general ,go,oﬂvely, expressed in MeVe, is the electron detection labo-
agreement between the experimental data and the predlct|0p§tory angle.
of the model. We have reported the prec_ilctlons of the_ billiard Note that the use of relativistic relatioris) reduces the
ball modeI[S] for the BE electron velocity as a function of classicab, value at 0° from 23 to 20 cm/ns. An overestima-
the scattering angle in Fig. 4. The following formulas were(jon of the maximum position still persists between 1.5° and

used: 60°, where experimental values are approximately 10%
lower than the predictions.
\/ Te 24 Te ) The double-differential cross sectiord’o/dvd() are
m_eC2 W plotted in Fig. 5 for different emission angles as indi-
ve(cm/ng=c T, (1) cated. Note the difference between spectra for “positive”
1+ 2 and “negative” angles from the tilted targétlt angle 45° to
€ the ion beam axis; see the inset in Fig. Wp to 6, =30°,

and most of the electrons emitted in forward direction at negative
angles must cross a larger effective target thickness than

those emitted at positive angles. Only a small fraction of

(2)  electrons stem from the outermost layers near the exit sur-
face and leave the target without a secondary interaction and

2meC3(T2+2m,c?T,)cos 6,
E{—(T5+2m,c?Ty)cosg,

To(MeV)=
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form the high-energy part of the spectra. Therefore, the spec 8 [~ 71— 1T 7T T
tra for positive and negative angles agree well at high
enough electron velocitig@bove and slightly below the BE 70
peak maximum In contrast, the spectra for negative angles
show an enhanced intensityp to a factor 3—pin particular 60
at low velocities. This is due to the contribution of secondary
electrons created by fast electrons from deeper layers. A _
0, = *=30°, the effective target thickness to be crossed by the%
fast electron at negative angles is up to about four times a«.,
large as for positive angles. Most of these electrons from< *°
deep within the solid have suffered secondary collisions anc%
thus have lost a part of their initial velocity. From a simple 3 30
estimate of the mean free pathFP) of fast electrons in
solids[which behaves lik&AE" as a function of the electron 20
energy, with material-dependent constaAt&nd n as dis-
cussed if7,10] ] we can calculate that the target thickness of 10
our Al target is in the order of four MFP’s at 3° and 10°, so - 1
that the probability of secondary interaction is relatively o Do vl by e e ]
small. In contrast, for negative angleséat=30°, the effec- 0 10 20 0 0 0 60
tive target thickness increases to nearly 20 MFP’s, so suct. Oy (deg)
g:nnsgg;)lgc(fgdecmenergy loss and angular straggljngannot _ FIG. 6. High-velocity ele_ctron emission cross section as a func-
) . . tion of the laboratory detection angle. The line represents the func-

Let us now compare our experimental velocity spectra tQjon const/cod ¢, , as predicted ifi5], while the dashed line is the
the ones predicted by Ref]. In these calculationffor de-  prediction of calculations of Ref6]. Both experimental data and
tails see Ref[6]) the ejection of binary encounter electrons the predictions of5] are normalized to the absolute value predicted
from the target by heavy, highly charged projectiles in aby [6] at 10°. The symbols are the same as in Fig. 4.
single collision is described by the quasielastic scattering
approximation, where ionization takes place via electrorshown above. Even at the smallest angles, however, transport
transfer to the projectile continuum. At sufficiently energeticeffects already broaden the experimental distribution with
collisions, any interaction with the target core during therespect to theory.
collision may be neglectefthis is the so-called electron- Third, at larger angles, one clearly observes how the ex-
impact approximationEIA)]. The active electron scatters perimental peak becomes broader than the calculated peak,
elastically from the projectile field and the correspondingin particular for the negative angles spectra. As already dis-
cross section is then folded with the electron’s momentunfussed, this is due to secondary scattering of electrons in the
distribution in its initial statéthe so-called Compton profjle SO".d- They suffer both.angullar scattering and energy Ioss' on
In the numerical calculations, Hartree-Fock bound-statdh€r way from the point of ionization to the surface. This

wave functions and experimental atomic binding energiefroadens the distributiofngular and energy stragglingnd

were used. The influence of solid-state effects on the moShifts the maximum to lower velocities. Single collision con-

mentum distributions, particularly affecting the valence elec-d't'o.nS for the outgoing eIectrqns are no longer fuhjlled.
Finally, we find that the differential cross section as a

trons, was not taken into consideration. Also, any thick targe : .
effects such as energy loss or angular straggling of the B netion of_the Ia_boratory anglesee F'g' @shows a behay-
for compatible with a 1/cd%, law and is in agreement with

electrons on their way through the target have not been conp e iction of both the billiard ball model and the relativ-
sidered either. istic EIA [6].

The theoretical valuegfull circles in Fig. 5 have been
convoluted to account for the experimental momentum reso-
lution and normalized to the height of the experimental BE IV. DISCUSSION AND CONCLUSION

peak atg, =10°. _ The results of Fig. 4 need some further discussion and
First of all, we observe that the experimental peaks ar@onsiderations before drawing some conclusions. First, the
clearly shifted to lower energies at all angles. This result iSnaximum of BE velocity spectra as a function of the labo-
surprising in view of the finding that experimental and theo-ratory angle is systematically smaller than the predictions of
retical BE peak positions are close forB5and 93\-MeV  a simply relativistic two-body billiard ball mod¢b] and the
Ar impact on carbon foil$5]. more sophisticated EIA theofy], unlike the experimental
Second, we observe that the shape and in particular thesults of Ref[5] (see above We want to stress here that
width of the experimental peaks are reasonably well reprothe experimental methods used here anfbinare different.
duced by the calculation for the smallest ejection an¢®&s In fact, in Ref.[5] the use of a spectrometer is made, with
and 109. In this case, the widths are mainly determined byconnected calibration procedures, involving in particular the
the initial momentum distribution of the bound target elec-assumption that the electron cusp velocity is the same as the
trons (Compton profil¢ convoluted with the instrumental beam velocity. In our method we use the pronypay peak
resolution since transport effects are of minor importance, ags reference time, measuring theray time of flightt,,
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FIG. 7. () Experimental electron velocity spectrum for a forward-wall detectof a —1.5°. The beam velocityuz=11.5 cm/ns),
twice the beam velocity (2>-=23 cm/ns), and the relativistic binary encounter veloity=v . as given by formulagl) 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 spectra are
reported in(b) for the same detector as {g) and for the same reactidAr(77A MeV) +27Al, respectively, for a run with “normal’(see
the tex) PM voltage in which the elastic peak relative to the reacti®hr(77A MeV)+1°7Au has been taken as reference tifselid
histogram and for the run optimized for electron detecti@resent measuremegnin which the prompty-ray peak has been taken as
reference timgdashed histogram

given byt,=a(c,—cp), wherea (ns/channelis obtained ¢, (Cqelas)- We note that at our incident energy, we observed
from the TDC(time to digital convertgrcalibration anct, is ~ no 40Ar elastic scattering on the Al target, even at the small-
the measured prompgray peak centroid. We use then the est detection anglé, =1.5°. We then constructed the proton
extracted value ot, to convert the electron time of flight velocity spectrum as shown in Fig(bj. On the other hand,
from c. (TDC channels to t, (ns), as given byt,=a(c, by the same method as outlined abdsee Fig. 1, we have
—cCg). We estimate the precision on the electron time ofseparated electrons for this detector and obtained the electron
flight better than 1 ns. This leads to the estimated value of 18elocity spectrum reported in Fig(d, taking as reference
cm/ns with an upper limit of 19 cm/ns for the BE electron the prompty-ray peak. This spectrum is dominated by the
velocity at the most forward angles, still below the value of BE peak centered at approximately 18 cm/ns. We have also
20 cm/ns predicted bf5]. constructed the corresponding proton time-of-flight spectrum
A cross-check of our method is another calibration proceand compare it in Fig. (b) with the one obtained as de-
dure, in which thec, parameter is calculated by taking an- scribed above by using tteg ,rvalue. We find good agree-
other reference time, for instance, the one relative to thénent between the two time-of-flight spectra, either for this
beam velocity. In a separate normal r@re., a run with  detector atd, =1.5° and for the other 11 detectors of the
normal gain of the PM in order to detect only nuclear prod-forward wall atd, =3°. This is an important confirmation of
ucts, disregardingy and electron detectigrwe measured the validity and precision of the method used.
elastic scattering on a gold target and extracted the relative We do not know the physical origin of the observed shift
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of the electron velocity spectra with respect to the simpleA further result is an excess of energetic electrons in the
two-body picture of Ref[5] and the EIA of Ref[6]. Either  backward direction, whose origin is not clear. Possible ex-
the two modelg5,6] are inadequate to describe the nucleus-planations include backscattering of electrons, which may be
electron interaction at these intermediate energies or otherccounted for in the electron transport theories in solid tar-
solid-state effects are present in the interaction between thgets[1,10,17. To study this effect some experiments are
incident ion and the atoms of the target. Experimental eviplanned[19], in which the electron velocity spectra will be
dence has been reported for a deceleration of convoy elecreasured as a function of the target thickness.
trons produced by AMeV ions during the interaction with At the moment we cannot excludepriori a nuclear ori-
insulator foils[18], although such a mechanism seems un-gin for these electrons or for some of them, even if no studies
likely in the present case of swift electrons that should havesxist to our knowledge to support this hypothesis. Nor can
been ejected from the interaction zone before the ion trackve exclude for the moment that the coincidence required
potential could have built up. Rather, two center effects andetween the electron and a projectilelike fragment in the for-
the complex dynamics of the electron in the combinedward direction, which automatically induces a correlation
projectile-target field 3] could be responsible for an energy with the atomic impact parameters, favors the ejection of the
shift. Another possibility lies in the influence of the projec- most inner-shell atomic electrons. To elucidate this point, the
tile nucleus in the inverse kinematics of electron nucleusanalysis of the coincidence data together with the realization
scattering at small impact parameters. of more sophisticated coincidence experiments is planned for
In conclusion, we have measured BE electron velocitythe future.
spectra in a wide angular range by means of time-of-flight
techniques. The main features of the data are nicely repro-
duced by the simple billiard ball model proposed [iI. ACKNOWLEDGMENTS
Also, the shape and in particular the width of the BE peak at We would like to thank the GANIL staff for providing a
small ejection angles are reasonably well reproduced by thbeam of excellent characteristics, J. Cacitti and C. Tribouil-
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