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Differential cross sections d’o/dE,dQ, of the §-electron emission from superheavy quasiatoms
formed during heavy-ion collision of the systems Br on Pb and Br on U were measured for beam en-
ergies of 3.88 and 4.66 MeV/u. These cross sections were compared with the available theoretical
results. Binding-energy differences of K- and L-shell electrons of the quasiatoms are extracted from
the differential cross sections and compared with theoretical values. The measured angular distribu-
tion of § electrons emitted from the collision system I on Pb at a beam energy of 4.0 MeV/u shows a

clear isotropic behavior.

1. INTRODUCTION

The 8-electron spectroscopy has been successfully
used! 3 for the study of the inner-shell ionization of
super-heavy quasiatoms formed during a heavy-ion col-
lision. It has also been shown? that it is possible to evalu-
ate the inner-shell electron binding energies of the quasia-
toms from the measured electron-emission cross sections.
The theoretical values are in good agreement with these
experimental results.

In this paper we present the experimental double-
differential cross sections d’0/dE,dQ, of &-electron
emission of the systems Br on Pb and Br on U. The cor-
responding united atomic charge Z, of these systems are
117 and 127, respectively. The basic measurements were
electron singles spectra and the spectrum of the electrons
in coincidence with the characteristic K x rays of the
heavier collision partner. Since the decay time of the K
vacancy (~107!7 sec) is much greater than the collision
time (~ 10~% sec) the decay of the K vacancy takes place
long after the collision. Therefore the coincidences be-
tween electrons and K x rays of the heavier partner give
the electrons emitted from the K shell of the quasiatom.
The experimental setup and the techniques used are brief-
ly described in Sec. II. We have been able to measure the
electron energies up to 750 keV. The electron spectra
show that high momenta are transferred only to the
strongly bound inner-shell electrons. The results and the
extracted binding-energy differences of K- and L-shell
electrons are shown in Sec. III. Finally the results of
angular-distribution measurements of & electrons are
presented. Such results support the validity of the widely
used monopole approximation* for heavy systems.

II. EXPERIMENTAL SETUP AND TECHNIQUES

The experiments were performed at the Heidelberg MP
Tandem Van de Graaff accelerater in combination with
the post accelerator using beams of Br and I. The projec-
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tile energies were chosen to be below the Coulomb barrier
to avoid background due to nuclear reactions. The targets
were self-supporting Pb and U foils of thicknesses 0.5 to 1
mg/cm?.

The experimental setup consisted of two electron detec-
tors, two Nal(T1) detectors to detect x rays, and a surface
barrier Si(Li) detector for monitoring the beam. To mea-
sure the electrons away from the target in a background-
suppressed area, a magnetic transport system® having two
identical achromatic electron channels is used. Each of
the electron channels has four vertical dipole magnets
made from soft iron wound with copper wires. After
passing through these achromatic channels, electrons are
detected by two Si(Li) detectors. The solid angle of each
channel was measured to be 21.2 msr. The electrons are
selected according to their momenta by a slit system. The
momentum acceptance (byte) with this slit system was
selected to be Ap/p=32%. The efficiency within the
momentum byte is a constant. The energy resolution of
the Si(Li) detectors is 2.5 keV at an energy of 1 MeV.
One of the two 2 in.X 5 in. x-ray detectors was mounted
above the target and the other below the target such that
they were in the same vertical plane to the beam direction.
The total solid angle covered for x rays was 30% of 4.

III. RESULTS

The Br on Pb system was studied with two different
beam energies. The projectile energies were 3.88 and 4.66
MeV/u, respectively. These energies have been corrected
for the energy loss in the target. The targets were self-
supporting Pb foils with thickness of 800 ug/cm? The
singles and coincidence double-differential cross sections
for this system with beam energy 3.88 MeV/u are shown
in Fig. 1. An interesting feature of these spectra is the
fast falloff of the cross sections with electron energy. The
falloff of the total electron spectrum is more pronounced
than the one for K-shell electron spectrum. For example,
the ratio between these two cross sections at energies 80
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FIG. 1. Double-differential cross sections d%o/dE.dQ, of
total electrons and K-shell electrons of the system Br on Pb
measured at beam energy of 3.88 MeV/u compared with
theoretical calculations (Ref. 6).

and 500 keV are 117 and 2, respectively. The main con-
tribution to the total electron spectrum stems from the K
and L shells. At low energies the total electron cross sec-
tion is more than 2 orders-of-magnitude higher than the
K-shell cross section. This means at low electron final en-
ergies the main contribution to the total electron spectrum
comes from the L shell of the quasiatom. Therefore, the
ratio at 80 keV is nearly the ratio between L- and K-
electron cross sections. At higher energies if the K-
electron contribution is subtracted from the total spec-
trum, then the ratio becomes even smaller than 2. This
situation may be explained by considering the minimum
momentum transfer to the electrons, which is given by
qo=(Ep 1 Efs)/v,", where Eg, E;, and v," are the bind-
ing energy, the electron final energy, and projectile veloci-
ty, respectively. At E;=80 keV the momentum transfer
to the L electrons with binding energy 40 keV is equal to
1.8 MeV/c and that to K electrons with binding energy
200 keV is equal to 4.2 MeV/c. At E;=500 keV the
momentum transfers are 8.2 and 10.6 MeV/c, respective-
ly. This means with a momentum transfer of 1.8 MeV/c,
which is relatively low compared to 4.2 MeV/c, more
electrons from the L shell can be removed than from the
K shell because of their low L-shell binding energy. In
this competition at low energies more electrons from L
shell are emitted than from K shell. However, if one con-
siders the high-energy electrons, the momentum transfer
g <qo=AE /v,™ is large and is less affected by the differ-
ence in the binding energies of the L and K shell. Furth-
ermore, since a high momentum can be effectively
transferred only to the strongly bound electrons, more
electrons are emitted from the K shell than from the L
shell if a fixed high-momentum transfer is considered.
The &-electron emission cross sections for a beam ener-
gy of 4.66 MeV/u are shown in Figs. 2 and 3. The elec-
trons detected at 75° with respect to the beam axis are
shown in Fig. 2. Figure 3 shows the cross sections of the
electrons detected at 105°. The properties of these spectra
are similar to that with a beam energy of 3.88 MeV/u.
The cross sections obtained with higher beam energy are
larger than with lower beam energy. For the beam energy
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of 4.66 MeV/u the cross section at E;=300 keV is a fac-
tor of 1.8 larger than that of 3.88 MeV/u. Since Pb is a
spherical nucleus, within the energy region of interest
there is no contribution from conversion electron lines ori-
ginating from Pb excitations. However, at ~520 keV
there is a broad bump (see Fig. 1) which can be attributed
to the internal conversion of the transition from 3 state
to 5 inBr.

The solid lines in Fig. 1 show the results of coupled-
channel calculations of de Reus ef al.%” They have ob-
tained these results solving the stationary two-center
Dirac equation in the monopole approximation, including
corrections for electron-electron interaction in the
Hartree-Fock-Slater approximation, and performing a
coupled-channel calculation for the electron excitation
amplitudes. As can be seen, the theoretical calculation of
both the K shell and total electron-emission cross sections
agree rather well with our experimental results. Since the
monopole approximation is used in these calculations the
theoretical results are independent of the electron angle.
The corresponding theoretical results for the higher beam
energy are shown in Fig. 3 as the solid curves are the re-
sults of coupled-channel calculations. The dashed lines in
Fig. 2 show the calculation of Jakubasa. In contrast to
the coupled-channel calculations of Refs. 6 and 7, this cal-
culation was performed using perturbation theory,® with
an effective united atomic charge which is adjusted to the
total ionization cross section. As can be seen, the results
of Jakubasa for total electron emission agree well with our
experimental results. In these calculations only the contri-
bution from L and K shells have been taken into account.
This also suggests that the contribution to the total elec-
tron spectrum is predominantly from the K and L shells®
of the quasiatoms. However, Jakubasa’s results for K-
shell electrons deviate from the experimental results. At
very low electron energy the results agree fairly well. But
at higher energies theoretical results overestimate the
cross section by a factor of 2 at E;=500 keV. Surpris-
ingly, for higher beam energy (4.66 MeV /u) both theoreti-
cal results show a similar deviation from experiment at
higher electron energies. A remarkable difference is that
at low projectile energy (3.88 MeV/u) coupled-channel

T T T T T T T
108 |- =
—_ = 79 208 B
- 105 C% Br on Pb 1
3 E s E, = 4.66 MeV/u 3
RISl SN 8¢ = 75 ]
o = N ——— Jakubasa -
a 3 [ >, TOTAL _
2 10T N E
o o 7
W 10*F E
© - K SHELL™ B
G 10" =
E C 3
5 o[ =
o 107F et E

[ 1 I L | !

100 200 300 400 500 600 700 800
Ecn. (keV)

FIG. 2. Double-differential cross sections d’c/dE.df, of
total electrons and K-shell electrons of the system Br on Pb
measured at beam energy of 4.66 MeV/u and electron angle 75°
compared with theoretical calculations (Ref. 8).
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FIG. 3. Double-differential cross sections d’c/dE.dQ, of
total electrons and K-shell electrons of the system Br on Pb
measured at beam energy of 4.66 MeV/u and electron angle of
105° compared with theoretical calculations (Ref. 6).

calculations agree with the experimental results, but at a
higher projectile energy of 4.66 MeV/u, theory slightly
overestimates the results.

A second system, Br on U, was also studied for two dif-
ferent beam energies 3.88 and 4.66 MeV/u, respectively.
The targets were self-supporting U foils of thickness 1
mg/cm?. For this system, with lower beam energy, elec-
trons were measured up to ~620 keV. The cross sections
with lower beam energy are shown in Fig. 4 for an emis-
sion angle of 105°. The results with higher beam energy
are shown in Fig. 5. In this case electron energies were
measured up to ~750 keV. The characteristic features of
these cross sections are similar to those of Br on Pb. The
only remarkable difference is the number of conversion
electron lines in the spectra. These lines have been identi-
fied as due to Coulomb excitation of the ground-state ro-
tational band in 2*8U. This is one of the problems encoun-
tered when systems involving deformed nuclei are studied.
The solid lines in Figs. 4 and 5 are the recent results of
coupled-channel calculations of Mehler.” At low beam
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FIG. 4. Double-differential cross sections d’o/dE.dQ,. of
total electrons and K-shell electrons of the system Br on U mea-
sured at beam energy of 3.88 MeV/u and electron angle of 105°.
The solid lines are the theoretical calculations of Mehler et al.
(Ref. 7). The arrows indicate the conversion electron lines due
to Coulomb excitation of the ground-state rotational band of
238U.

FIG. 5. Double-differential cross sections d’c/dE.dQ, of
total electrons and K-shell electrons of the system Br on U mea-
sured at beam energy of 4.66 MeV/u and electron angle of 105°.
The solid lines are the theoretical calculations of Mehler et al.
(Ref. 7). The arrows indicate the conversion electron lines due
g) Coulomb excitation of the ground-state rotational band of

8U.

energy (3.88 MeV/u) again the theory agrees fairly well
with our experimental results. However, in the case of
4.66 MeV/u, theoretical results slightly overestimate the
cross sections. For instance, in the case of total electrons
these calculations overestimate the cross section by a fac-
tor of 1.4 at E; =400 keV.

The double-differental cross sections of electrons (for a
given electron energy) of the system Br on U is distinctly
higher compared with the system Br on Pb. For example,
for the beam energy of 3.88 MeV/u, the ratio of K-shell
electron cross section of Br on U to Br on Pb at E;=300
keV is 1.8. This and other results’ show clearly an in-
crease in cross section with an increase of Z,, which is
due to the shrinking®!® of the electron wave function (in-
crease of electron density) with increasing Z,,.

IV. BINDING ENERGIES

From the first-order time-dependent perturbation
theory the emission amplitude for electrons from an ini-
tial state i to a final state f is given by'!

y

ifiw(Ef—E,-)dt']

atn=— [ ar k(8|

X exp

using the identity'?

v
dR

o)-{o 22 b

and for the symmetric Rutherford trajectory this reduces
to

9

av
oR

=2 [T G o

where V and R are the two-center potential and distance
of the target and projectile system, respectively, and

AE=|Eg | +E; .

¢,~>sin(AE t),
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The probability of electron emission from an initial state i
is then
2

S BB MRisin(AE ) |

Pi(R,AE)~ AE

where the matrix element M;=(¢;|dV /3R |¢;) de-
pends only on R and the electron final energy E;. If the
monopole approximation* is assumed then for 7, >R /2,
0V /0R =0. This means the major contribution to the
emission amplitude comes when the nuclei are at closest
distance, as it is necessary only to consider the small R re-
gion. The wave functions of K and L shell have nearly
the same asymptotic behavior® for r,—0.
This gives

| bis, ,(re—0) |

= const .
| $2s, ,(re—0) | 2+ | bap ,(re—0) |2

For a fixed AE, i.e., AE=AEx=AE;,
2
© dR
Py(R,AE)~ %, AEMISI/Z(R)sm(AEt)
and
2
» dR
P, (R,AE)~ fR g Mo, (ROSIn(AE 1)
= dR ’
+ Ry AE szl/z(R)sm(AE t)

Since the R dependence of the K- and L-shell electronic
wave functions are the same, the R dependence of the ma-
trix elements are also the same. Therefore, if the matrix
elements are corrected for the final electron energy depen-
dence, the following result is readily obtained:

Ok IMISVZIZ

gL |M2s1/2I2+|M2p1/2|

3 =C(const) ,

where ok and o are the cross sections for the K and L
shells, respectively.

Therefore for a given momentum transfer g, (or a
given E;+ Ep), the ratio between K- and L-shell electron
cross sections is given by the ratio between the squares of
the respective transition matrix elements. This ratio is a
constant for a given projectile and target system and
varies smoothly with the electron final energy. After they
were corrected for the final energy dependence, the values
obtained for this constant C for Br on Pb and Br on U
systems are 3.2 and 2.7, respectively. This means that for
given energy transfer the double-differential cross section
of K-shell electrons must be larger than that of L-shell
electrons and one has to shift the K-electron spectrum
(Figs. 1—5) along the energy axis in order to compare the
K- and L-shell electron cross sections at the same energy
transfer. For the same energy transfer (AE; =AEg) to
both K- and L-shell electrons one gets

—Ef=Ef—EF.

Therefore at the same energy transfer to the electrons
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TABLE 1. Binding-energy difference between K- and L-shell
electrons of quasiatoms with united atomic charges 117 and 127
compared with theoretical predictions.

AEjy (theory) AEj (theory)
Z, (Ref. 13) (Ref. 14) AEjp (experiment)
117 172 171 162+12
127 213 216 191+16

the binding-energy difference of K- and L-shell electrons
is given by the final energy difference (shift) of the K- and
L-shell electrons. By subtracting the K-shell spectrum
from the total spectrum, the electron spectrum for the L
shell can be obtained. The comparison of electron spectra
can be made in the following way. First a value for the
electron final energy is chosen. The corresponding K-
shell cross section is read in the K-shell spectrum. Then
the K-shell spectrum is shifted along the energy axis until
the cross-section ratio is equal to the value given by the
matrix elements. The binding-energy difference obtained
from this method for the above systems are tabulated in
Table I. In the trajectory of the projectile and target nu-
clei, electrons are mainly emitted near the distance of
closest approach. Therefore, what one measures experi-
mentally are the electron spectra and thus the binding en-
ergies of the quasimolecule formed by the target and pro-
jectile nuclei near the distance of closest approach.

Theoretical binding-energy differences'>!* for these
systems are also tabulated in Table I. These theoretical
results are in good agreement with our experimental re-
sults. However, for the higher united atomic charges the
theoretical values are slightly higher than the experimen-
tal ones.
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FIG. 6. Probability of electron emission plotted against dis-
tance of closest approach R, for electron-emission angles 62°,
80°, 105°, and 122° and electron final energies of 132 and 234

keV.
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FIG. 7. Probability of electron emission plotted against both
electron-emission angle 6, and the relative angle 6, gy between
6, and the heavy-ion scattering angle for electron energy of 132
keV.

V. ANGULAR DISTRIBUTION OF 6 ELECTRONS

For the measurements of angular distribution the I on
Pb system, which has a united atomic charge of 135, was
used. The target was a self-supporting Pb foil with a
thickness of 1 mg/cm? and the beam energy was 4.0
MeV/u. The experimental setup used in this case is
described in Ref. 3. Scattered heavy ions were measured
in addition to the electrons and x rays using a position
sensitive avalanche counter with eight concentric rings as
anode and a polycarbonate foil covered on one side with
an evaporated gold layer of 0.2 mg/cm? as cathode. The
foil was subdivided into eight sectors. The counter in this
way was position sensitive to nuclear scattering angles of
10° to 40° and to all azimuthal angles 27. In order to
evaluate the emission probability as a function of the dis-
tance of closest approach R, coincidence between elec-
trons and scattered heavy ions were measured. These
measurements were taken for four different electron emis-
sion angles 6, and 6, was measured with respect to the
beam direction. Coincidences between scattered projec-
tiles and electrons were separated by settting the windows
on energy loss spectra of the scattered heavy ions. In re-
cent measurements projectiles and recoils were separated
by measuring® the time of flight of projectiles and recoils.
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FIG. 8. Probability of electron emission plotted against both
electron-emission angle 6, and the relative angle 6, 57 between
6, and the heavy-ion scattering angle for electron energy of 234
keV.

The probability of production of delta electrons as a
function of distance of closest approach R, is shown in
Fig. 6. The lower set of data points corresponds to an
electron mean final energy of 132 keV and the upper set
of data points corresponds to that of 234 keV in the c.m.
system. P(R,) normalized to its average over electron-
emission angles 0, is shown as a function of 6, in Figs. 7
and 8. The eight sets of points correspond to eight rings,
which gives the scattering angles of heavy ions, and each
set consists of four points corresponding to four angles of
electron emission as shown in Figs. 7 and 8 with opened
and closed circles. The other points are the emission
probability obtained from the sector information as
described in the following.

Because of the symmetry of sectors with respect to the
electron-emission angle, the data from eight sectors were
reduced to four sectors by adding the data from the oppo-
site sectors. Each sector which defines a unique azimu-
thal angle ¢ is further divided into eight segments with a
concentric ring counter placed behind the foil. Each ring
defines a unique heavy-ion scattering angle 8. These give
rise to 32 different directions (6,¢) and these directions
with respect to the electron-emission angle 6, is defined as
6., 1. The electrons measured in coincidence with heavy
ions scattered to these segments were normalized to corre-
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sponding heavy-ion singles and finally to P(R,). The re-
sults are shown in Figs. 7 and 8.

According to the above results, Figs. 6—8, the angular
distribution of the & electrons emitted from superheavy
quasiatoms, show an isotropic behavior within the range
of angles measured in this experiment. However, one can
see from these results that one cannot rule out anisotro-
pies of about 10% or less. This implies that the monopole
approximation* is a good approximation to describe the
S-electron emission process in superheavy quasiatoms.
However, this can depend on the system considered, for
example, the dipole contribution is zero in symmetric sys-
tems.!® Certainly higher-order multipoles contribute in
this process. However, the contribution is smaller for
heavy systems. Also, measurements'® with lighter sys-
tems do not show a similar isotropy.

VI. CONCLUSIONS

From the characteristics of the cross sections we have
seen that high momenta can be transferred only to strong-
ly bound inner-shell electrons. The increase of electron-
emission cross section for a given minimum momentum
transfer with the increase of united atomic charge indicate
the increase of electron density during the collision. In
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the case of Br on Pb at lower beam energies, coupled-
channel calculations as well as the perturbation theory,
working with an effective united atomic charge, repro-
duces the cross sections. However, at higher beam ener-
gies and at high electron energies, theoretical results
slightly overestimate the cross sections. The theoretical
binding-energy difference of K- and L-shell electrons with
lower atomic number agrees reasonably with our experi-
mental results. Within the limits of statistical and sys-
tematical errors (~10%) the angular distribution of &
electrons of heavy systems was found to be isotropic, sup-
porting the validity of the monopole approximation.
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