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Atomic effects in heavy-ion elastic scattering
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Angular distributions of #°%Pb beam orf®®b thin targets at very small angles were measured. The shape
of the experimental distribution is not Gaussian, indicating a plural scattering regime rather than multiple
scattering. The distribution was well reproduced by a Monte Carlo simulation of the straggling process. For the
first time we observed and quantified the influence of the production of electrons during the scattering. This
effect was observed in the angular correlation of the scattéf#b nuclei detected in kinematic coincidence
and also in the limiting angle of th&%Pb scattered in &°"1%Ag target. This effect introduces a spread in the
scattered angle which is of the same order of magnitude as the angular stragglifg6-2818@7)01709-3

PACS numbdss): 25.70.Bc, 34.50:s, 25.70-z, 24.10.Lx

[. INTRODUCTION ejection. The spectroscopy af electrons has been inten-
sively studied to extract information about electron binding
Atomic effects have a wide range of contributions toenergies, nuclear delay times, or spontaneous positron emis-
nuclear physics. One of the most investigated is angulasion[7], but, although the influence of a quasimolecular po-
straggling due to its strong contribution to the resolution oftential on the scattering angle has been suggedgdhe
an experiment. A good comprehension of angular stragglingnfluence of electron production on the scattering angle and
is important for activities related to ion implantation or pen-on angular straggling has never been investigated.
etration phenomena such as in medical applications. Itis also We performed such studies during an experiment in
a method to study the interatomic potential and electroniavhich the angular position of th&®%b-2%%Ph elastic scatter-
stopping cross sectidrd]. This increasing interest motivated ing cross-section oscillations was measured with an absolute
us to study the angular straggling with the very hed%pb-  precision of a few millidegreef9,10].
208k and 28Pp-1071%\g systems at energies around the
Coulomp barrier where experimen'gal data were still missing. Il. EXPERIMENTAL ARRANGEMENT
The influence of the surrounding electrons during the
scattering cannot be simply reduced to a modification of the The experiment was performed at GANIL usirf§®Pb
interatomic potential. During a collision of two heavy ions at beams of several incident energies around 5 MeV/nucleon
energies below the Coulomb barrier, the formation of a suand 2%%b targets of approximately 10, 20, and @@/cm?
perheavy electronic quasimolecule is expected. The idea thavaporated on 2@g/cm? carbon backings. The detection
qguasimolecular states could be created during the scatterirgystem(Fig. 1) consisted of two pairs of-y drift chambers
at low energies dates back to the 193Ps], as well as the [11] at 30°-60° and 45°-45° working in kinematic coinci-
first experimental evidencil]. In 1972 Sariset al. [5] ob-  dence. The angular aperture of the drift chambers was 6° in
served for the first time the x-ray emission induced by nonathe horizontal planex) and 0.9° in the vertical planey] for
diabatic rearrangement in the electronic cloud of a quasimolthe 30°-60° pair and 0.9° ik andy for the 45°-45° pair. At
ecule. Meyerhofet al. [6] observed the same phenomenonzero degrees there was a beam scanner consisting of 47 wires
for the 2°%Pb-2%%Pp system at 4.2 MeV/nucleon. One of the disposed horizontally and vertically separated by 0.5 mm.
most interesting features accompanying quasimolecule forAll the detectors, the beam scanner, and the target were
mation is the production of energetic electrons. The producplaced on a circlefo7 m diameter and the beam was focused
tion of thesed electrons is due to the presence of an intensen the beam scanner downstream of the target during the
Coulomb field created by the charge of both nuclei whichexperiment. In this way, all events occurring in the detector
induces a drastic increase of the binding energies and tha&t a given position correspond to the same scattering angle,
momentum of the innermost electrofig] and favors their independent of the point where the scattering took place in
the target or of the angle of incidence of the beam. Before
each measurement, the beam was focused on the central wire
*Present address: Nuclear Physics Laboratory, University obf the beam scanner without target and in this situation only
Washington, Seattle, WA 98195. a few wires were hit. With the target in position there is a
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FIG. 1. Experimental setup
mounted at GANIL. The beam
was focused on a beam scanner
situatel 7 m downstream from the
target. The nuclei scattered were
detected in coincidence in four
y drift chambers situated at 30°-
60° and 45°-45° on a circle pass-
ing through the target and the
beam scanner.

Tm

Lorentzian-like intensity distribution in the beam scannertering angle in each collision it is necessary to know the
due to the angular stragglingig. 2). The effect of the an- differential cross section which is determined by the shielded
gular straggling is also observed in the angular correlatiofCoulomb potential between the incident nucleus and the tar-
(®,+0,) of the scattered particles detected in ihg drift ~ get nucleus. For heavy nuclei a reasonable description can be
chambers which presented a distribution aro@ng,=89.9°  obtained by the Thomas-Fermi potentiaB—15

(it is not exactly 90° due to the relativistic kinemadicBur-

ing the entire experiment the incident beam energy was mea- Z,Z,€?
sured with a precision oAE/E<10~* by a time-of-flight V(N=—"x
technique[12]. The absolute angular calibration was deter-

mined by measuring all distances between the components gfhere a=0.885%,/(z%%+ 2232 is a screening parameter,
the experimental arrangement using INVAR wires calibratedy — 0.529< 1078 cm is the Bohr radiusz, andZ, are the

with the interferometric facility of the CEA/Saclay. The final atomic numbers of the colliding nuclei, andr) a function
angular precision obtained by this method was of the ordefenresenting the screening of the electrons. The function

of a millidegree. The relative angular calibration of all corresponding to the Thomas-Fermi potential is given in
position-sensitive detectors was performed at the beginningy jjated form, for instance, in RdfL6]. The cross section
and at the end of the experiment using carefully aligned slotio, each atomic scattering has been deduced by Lindhard,
ted plates in front of the detectors. As an independent abSCNielsen, and Scharffl7]. They showed that the dependence
lute angular measurement method, we used natural Ag tapf the cross section on the energy and on the scattering angle

gets composed of 51.8%°"Ag and 48.2% ®Ag. This  ¢an be reduced to a dependence on a dimensionless quantity
permitted the observation of the kinematic limiting angles °f17=ssin(6,ab/2) wheree =aE,,,/(Z,Z,€%). The differential

20 107 20 109 H H :
the 2°Pb-'%Ag and ?°Pb-'%Ag scattering in the drift ross section can be obtained from classical mechanics:
chamber centered at 30°. The 30%pectrum shows an in-

creasing yield with a cutoff in the limiting angles. The width

of this cutoff is due to angular straggling in the target and to d_o = waZ@, (1)
the production of§ electrons. dn 7
. ANALYSIS: MONTE CARLO SIMULATION wheref is given by a numerical table in R€f17].

A variable » was sorted following the probability ob-

In order to analyze the experimental distributions a pro-tained from Eq(1) after each scattering and transformed into
gram was written which uses a Monte Carlo method to simua horizontal plane scattering angle. The azimuthal angle was
late the straggling of the incident nuclei through the targetrandomly chosen between 0 andr2an order to obtain for
We assumed that each scattering center occupies a sphereeaich scattering the scattering angle Each angle was pro-
radiusrg, half of the distance between immediately neigh-jected and added to the previous one umtdcatterings were
boring atomg o=1/2N"Y3 whereN is the number of atoms obtained.
per unit volume. The average number of collisions in a target The beam profile calculated with this simulation is com-
of thickness is thenn=7r3Nt. In order to choose the scat- pared in Fig. 2 with the one obtained experimentally in the
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600 when the scattering angle is larg® € 30°) the distance of
- fi E-873.4 MoV closest approach is smal=25 fm) making the sum total
400 Ay energy of the emitted electrons to be of the order of 1 MeV.
- j *‘* Hence we expect to observe the effect of thelectrons in
200 R the scattering angle distribution of tH@%b-2%Ph system
. g7 '\\ and also in the spectrum of the limiting angle of tFH&Pb-
800 O I TS B 107.10g system. We have used a simple model to calculate
- % the energy loss due to the emission of electrons during the
©» 600~ t Ee10Reg eV 208pp-208phy scattering and to predict the subsequent change
5 400 B " '-.‘ in the angle between the trajectories of the two lead nuclei.
Q fod ; : ; ;
O L i This angle, which we will now refer to as the folding angle,
200 — f is given exactly by the relativistic kinematics but is reduced
T, _,,../ | \‘m..ht . in the laboratory frame because of the energy loss due to the
600 d production of § electrons. It is important to note that this
i { "‘ E=1129.7 MeV energy loss is not the usual energy loss due to a succession
400 I~ P of collisions with the electrons of the target atoms which is
i P already taken into account in the incident beam energy but it
200 — ;’ g "\‘ is due to the emission of electrons in one nucleus-nucleus
r ./' collision during the Rutherford scattering process. To quan-
0 U o tify the accompanying change in angle we will first estimate
-0.2 -0.1 0 0.1 0. the energy loss. Kankeleftl9] obtained by a perturbation
© [degrees] calculation the electron emission probability during the scat-
FIG. 2. Profile of the beam at 0° with'8"-1®%A\g target obtained tering:
with the beam scanner for three incident beam energies. The points —
represent the intensities on the wires of the beam scanner. The dp e 1 ex;{ _ZEe*+ EBE @)
dashed curves are the results of the Monte Carlo simulation. The dE.- (Eo-+Ep)? h ’

horizontal bar at the center of the peaks indicates the full width at
half maximum observed without a target. where E.- is the kinetic energy of the eIectronE_B their

beam scanner as described below. This figure shows the prBlean bl_n(_:hng _energ)C IS a constant, andlls . characte.r—.
file of a 2%%Pb beam after passing through'®-1°Ag target istic collision time calculated V\Allth the trajectory eccentricity
plus a carbon layer, with the Ag layer facing the beam. Three and the velocity at infinitw: t=a/v (e +1.6+0.449E).
different targets were used with nominal thickness of 40 The value of the normalization constadtand the mean
wglcm? of natural silver plus a carbon layer of 26g/cm?  binding energy corresponding to th&¥Pb-*%b system
(10 and 25 pug/lcm?), respectively, atE.,=873.4 MeV Wwere obtained by fitting the results of the calculation of the
(1029.9 and 1129.7 Me\V The points represent the intensity two-center Dirac coupled equations performed by Ditzel
read on the beam-scanner wires versus the angu|ar pOSItI(an] These equations describe the relativistic behavior of an
of these wires. As can be seen the distribution is not Gausglectron in the field created by two nuclei surrounded by
ian with a full width at half maximum(FWHM) of about  €lectrons[21] and allow one to obtain the spectrum of the
0.04°, depending on the energy and the target used. The fagtectrons emitted to the continuum. These predictions have
that the distribution is not Gaussian is expected for pluraplready been successfully compared with experimental data
scattering 18]. The solid lines in Fig. 2 show the results of [22].
the Monte Carlo simulation for the three beam energies. The From this fit we can deduce the electron emission prob-
calculation was normalized to the experimental data. Thé&bility dP/dE.- and the average number of electrons emit-
thickness of the targets was adjusted in the simulation to fited in each scattering:
the data. We used the nominal thickness of the carbon back-
ing and the following thicknesses of silver: 39, 41, and 38 — (= dP
wglcm?, respectively, for the three energies, which agrees - 0 dE_
with the nominal thickness within the uncertainty. A very e
good agreement between the experimental data and the SiMype ayerage kinetic energy of these electrons is given by
lation results is obtained. The angular straggling at 0° is thus
perfectly reproduced in this approach in which the electro- 1 (= dp
static potential is calculated with the Thomas-Fermi method. Eo-= :f Ee*d?dEe*-

nJo o

dE,-.

IV. PRODUCTION OF é ELECTRONS .
We obtained the result that around two and three electrons

As stated in the introduction, the energy loss during theare ejected per scattering with an average kinetic energy be-
scattering is expected to be due to the productiod efec- tween 45 and 85 keV and a binding energy between 120 and
trons. If the scattering angle is small, the distance of closest90 keV depending on the incident beam energy and the
approach between the colliding nuclei is large and the energynpact parameter. The energy log3)(due to the emission
of the emitted electrons is expected to be small. Howeverpf electrons can be deduced from these quantities:
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TABLE |. Difference in degrees between the expected kine- 1.5
matic folding angle and the measured folding angle when the two G
lead nuclei are detected at 30°-60° and at 45°-45°. The uncertainty 125 -
in this difference is 0.006°. The difference is due the production of % ] B %
electrons during the scattering process. =3 L
8075 [- {
cheor_ eexpt (de@ —0-8 - %
Energy[MeV] 30°-60° 45°-45° = 05 %
786.7 0.046 0.036 0.25 1 E—
873.4 0.039 0.042 )
948.6 0.053 0.034 125
1029.9 0.047 0.040 % i
1129.7 0.044 0.050 s 1r %
1306.4 0.054 0.039 9 r
1075
AR
a
= 05
o — dP L
Q_ O(Ee_+EB)dE—dEe_ 0.05 L | 1 | 1 | 1
© 700 875 1050 1225 1400
=n(E, +Eg). €) Energy [MeV]

) ] FIG. 3. Absolute value of the energy loss for th&Pb-2%%b
This expected energy loss was compared with the energytatering at 30°-60ta) and 45°-45°(b). The open points are the
loss obtained experimentally by measuring the folding angl@xperimental data obtained by measuring precisely the folding
of the scattered?®®Pb nuclei in the 30°-60° and 45°-45° angle. The solid circles are the results of a calculation in which the
pairs of drift chambers. These two possibilities correspond t@nergy loss is due to the production of electrons during the scatter-
different impact parameters. Figure 4 presents the foldingng. The solid line is a guide to the eye.
angle distribution measured in the 30°-60° configuration for

two different beam energies. The difference between the exs|astic peak possible within our experimental resolution. The
pected relativistic kinematic folding angle and the measuregjipole contribution of the bremsstrahlung radiation cancels
fold|_ng angle is indicated in Table l. Ugmg relat|V|§t|c kine- pecause of the symmetry of the system. We performed a
matics we transformed this difference into an equivalent engemjciassical calculation to obtain the energy loss due to the
ergy loss in order to compare it with the energy I@ssf Eq.  quadrupole contributiofi23,24). In contrast to the result of

(3) predicted by thes-electron production. [25], we found that this contribution is of the order of a few

Figure 3 shows the absolute value of the expe¢salid  pyundreds of electron volts and therefore negligible. The dif-
circle) and experimentalopen circle energy loss for five  ference between the result [#5] and ours could originate
beam energies and for the 30°-60° and 45°-45° configurafrom a misprint in Ref[24].
tions versus the incident beam energy. The absolute value of gjmilar energy losses due to the emissionsoélectrons
Q obtained is slightly smaller than 1 MeV and increases withyere also observed by us for tH8%Pb-19Au, 208pp-238y,
energy. The main contributions to the uncertainty of the fold-3ng 208ppy 107,100 systems. For the last mentioned system,
ing angle and to the energy loss come from the absolutghe kinematics did not allow the detection in coincidence of
angular calibration of the drift chambers, the target positionine scattered nuclei. The energy loss was obtained by mea-
and of the centroid of the folding angle distribution. The totalsuring the angular shift of the limiting angles observed at the
uncertaintiesquadratic sum of all these contributionsor-  30°'s drift chamber. However, for these systems, in contrast
responding to the three detection angles apg =0.005°, {5 208pp 208} Coulomb excitation gives a strong contribu-
04,.=0.005°, andr, =0.003°. The total uncertainty of the tion in the energy loss. In the case 8fPb-*3%U, about half
folding angle is the quadratic sum of the uncertainties asscPf the energy loss is due to Coulomb excitat[@6]. In this
ciated with both anglesr,, _=0.006° andr,_ =0.006°. context, we W|I_I therefore not use these datg.

This final uncertainty is equivalent to an uncertainty of 100 The product_lon ob el_ec_trons is also most likely the cause
keV on the energy loss and is represented by the error bars 8f the unexplained dleV|a1t|on of the absolute angle observed
Fig. 3. In this figure we also present the energy loss expecte Ref- [27] with the *C-1%C system.

by Eq. (3). The very good agreement obtained at 45°-45°
and the good agreement at 30°-60° show that the emission of
electrons during the scattering can explain the shift of ap-
proximately 0.05°(Table | of the folding angle.

Other possible processes which could contribute to the The width of the distributions observed in the folding
energy loss are Coulomb excitation and bremsstrahlung rangles measured at 30°-60° for tH8Pb-%Pb system(Fig.
diation. The Coulomb excitation can be neglected since thd) and on the limiting angles at 30° for th@%Pb-1071%g
high energy of the first excited state #¥Pb and the discrete scattering(Fig. 5 has two origins that must be considered:
nature of the excitation make the discrimination of the in-One is due to the angular stragglifiural scatteringthat

V. INFLUENCE OF é-ELECTRON PRODUCTION
ON THE WIDTH OF THE DISTRIBUTIONS
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FIG. 5. Spectra of the limiting angles of tH@%b-19710%g
scattering. The points represent the experimental data, and the dot-
ted curve is the result of the simulation without energy-loss fluctua-
éign. The solid line is the result of the simulation when this fluctua-

© [degrees]

FIG. 4. Folding angle for thé°%b-2"%b system for two beam
energies. The points are the experimental data, and the dash .
curves are the results of the simulation of the scattering without é'on s added.
fluctuation on the energy loss due to the fluctuation in the number _ _
of electrons emitted. When such a fluctuation is added we obtain the o-étheorz (Ee-+ EB)ZO'%‘F n%o
solid line. The insets represent the experimental and calculated
beam profile at 0° for the same target.

27 JR—
(Ee-+Eg)’

whereo, =~ V n is the fluctuation in the number of electrons

_ _ _ emitted andr(g_ ) is the fluctuation in the energy carried

the particles suffer in their path through the target, and the, 5y by the electrons. If we make the assumption that all the

other comes from the variation in the scattering angle due t@jectrons come from the same atomic shell, this last contri-

the spread in energy carried away by theelectrons pro-  pytion is reduced terg_:

duced in the nucleus-nucleus Rutherford scattering. ¢

The result of the Monte Carlo simulation considering only 1 [ _ dp

the angular straggling for thé’%Pb-2%%Pb folding angle dis- gé— = :f (Eo- — Eq-)2 dE,-.

tribution for two incident energie&,,,=786.7 and 1029.9 ¢ nJo dEe-

MeV is shown by the dashed curves in Fig. 4. As can be seen i

the simulation does not reproduce the width of the experi-We obtain therefore

mental distribution, although the insets in Fig. 4 show that

the zero degree beam profiles corresponding to the same runs_2 =n_(E_-+E_)2+n_fw(E ——E_—)2 dp
. . P . Q e B e e

are well reproduced by the simulation. This is explained by theor 0 dE.-

the fact that at zero degrees the energy carried away by

electrons is negligible because of the large impact parameter The result of this simplified calculation is presented in

while at larger angles this effect must be taken into accountTable Il. This phenomenon can be reproduced in the simu-

We can estimate the fluctuati@rbtheoron the energy loss by lation by introducing a fluctuatiomrQexm in the Q value of

using Eq.(3): the Rutherford scattering. When such a fluctuation is intro-

dE,-.

TABLE Il. Atomic Q value in MeV for the 2°Pb-?%Ph and 2°%b-1071%%g systems.oq,  is the
fluctuation that has to be introduced in the simulation to reproduce the experimental folding &ftes (
?%pp) and limiting angles {*Pb-'°"1%Ag). The expected fluctuation valug, __obtained with a simplified
calculation for the?®®b-2%%b scattering is also indicated. The numerical values are all given in MeV.

208Pb_208pb 208Pb_107,10%g
Energy[MeV] |Q| UQexpt O-cheor |Q| O-Qexpt
786.7 0.54 0.9 0.47 - -
873.4 - - - 0.9 0.8
1029.9 0.735 1.1 0.68 1.5 1.2

1129.7 - - - 1.4 3.2
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duced, we obtain the solid line of Fig. 4. The Gaussian flucaround zero degrees by a beam profiler. The shape and width
tuation O Qe that gives the best fit to the data is shown in of the distributions are well reproduced by a Monte Carlo
Table Il is larger than the expectexbmeor from our simpli- simulation.of the angular straggling process usin_g the at.omic
fied calculation. The fluctuation has the same order of magEroSs section computed from the Thomas-Fermi potential.
nitude as the energy loss and it increases with the energy We used a**Pb target to perform measurements of the
because the number of electrons ejected also increases. relative Scattering angle between the two lead nuclei around
This additional spread in angle is also observed in the30°-60° and 45°-45° using kinematic coincidence. For the
shape of the limiting angles of th&”Pb-1971%%g elastic  first time we observed the effect of the productionsaélec-
scattering. Figure 5 presents the spectra of the positiortfons on this scattering angle. This phenomenon, due to the
sensitive detector at 30° in the measurement with a naturgiresence of the intense Coulomb field of the two nuclei,
Ag target. The two peaks observed correspond to the limitingnduces a change of approximately 0.05° on the centroid of
angles of the inverse kinematic scattering?8iPb on°’Ag  the relative angle of thé®%b-2°%Pb scattering, correspond-
and °°Ag. Without angular straggling the number of countsing to an energy loss of about 1 MeV. Because of the direct
in the spectrum is expected to diverge with a sharp cutoffelation between the mean binding energy of the electrons
precisely at the limiting angle. The effect of the angularand the energy loss during the scattering, this experimental
straggling is to produce a finite peak with a diffuse right sidesetup could represent an original method to measure the
and a shift in the position of the peak with reduction of the j,ean binding energy of electrons subjected to an intense

peak-to-valley ratio. _ _ _ Coulomb field and ejected during the collision for different
In Fig. 5 we present the result of the simulation by tak'”gsystems at different impact parameters.
into account only angular stragglinglashed curve and Finally the present experiment observed the contribution

straggling pluss-electron emissioksolid curve. The energy g the angular spreading of the two scattered nuclei due to
loss and the energy loss fluctuation used in the simulation afge fluctuation in the number of electrons emitted and the
given in Table Il. We observe that the effect of the angularjyctuation of their binding energy. Monte Carlo simulation
spreading due to the emission éfelectrons increases with of the angular straggling process was not able to explain the
energy. For higher energy it has the same order of magnitudgntire observed width of the relative angle distributions.
as the angular straggling. For this system, we must stress thgfowever, we found that the angular straggling in addition to
an additional angular shift due to Coulomb excitation mightne effect of the production of electrons during the scattering
also be present. to large angles can account for the observed width. This last
As a final comment we state that the effect of the produczontribution, shown for the first time in the present work, has
tion of & electrons on the angular straggling has been obthe same order of magnitude as the angular straggling in a
served so clearly in the present experiment primarily becausgin target. In contrast to normal angular straggling due to
of the use of very thin targets. We expect that for thickermyitiple scattering, this effect occurs in a single scattering.
targets the angular straggling in the multiple scattering re- For precise experiments or estimations, these two new
gime would hide this effect. effects, one concerning the absolute scattering angle, the
other the straggling, should be taken into account.
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