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Using a kinematical coincidence setup with AE-E identification two-body reactions between
medium heavy nuclei were studied in the vicinity of the Coulomb barrier. The measured angular
distributions for transfer of up to four protons with additional transfer of neutrons show maxima
at large c.m. angles of 120-140°. For one- and partially for two-proton transfers the angular dis-
tributions are consistent with a one-step transfer mechanism, described by a distorted-wave Born
approximation (DWBA) approach. The angular distributions of the three- and four-proton trans-
fers show components in the forward angular region which cannot be described by DWBA. These
contributions are interpreted as originating from the decay of a dinuclear complex; for this complex
a lifetime of 7=615x1072? s is deduced from the angle of rotation.

PACS number(s): 25.70.Bc, 25.70.Hi

I. INTRODUCTION

In the study of interactions of nuclei, a variety of phe-
nomena is observed, which are connected with the forma-
tion of a dinuclear complex. Deeply inelastic collisions
have been studied extensively over a wide range of ener-
gies and masses [1-3]. The characteristic properties can
be characterized by two facts.

(1) Fast energy dissipation predominantly via nucleon
exchange; the energy sharing and population of final
states in the two final fragments is almost completely
determined by statistical equilibrium.

(2) The shape degrees of freedom are also in equilib-
rium, subject to the macroscopic forces determined by
liquid-drop energy and centrifugal energy. The evolution
of the dinuclear complex and its lifetime (rotation) de-
pends on the balance of these macroscopic forces.

In the other extreme of quasielastic reactions the pop-
ulation of states and the possible mass fragmentation in
the final channel are completely determined by spectro-
scopic properties of the participating nuclei. In many
cases also the multinucleon transfer can be described by
a sequence of reaction steps, which are all well described
by a first order perturbation theory [4-7]. In more recent
works on reactions at and below the Coulomb barrier, a
close connection between reaction channels (few-nucleon
transfer and inelastic excitation) and the fusion process
has been established. Generally, a strong coupling situa-
tion between various channels is established [8-10]. The
path to fusion can finally be viewed as passing through a
moderately excited dinuclear system, just as in the case
of deeply inelastic collisions [10].

The present work was aimed at the study of
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multinucleon-transfer reactions for energies at or below
the barrier in order to establish the properties of the cold
dinuclear complex that can be formed in these cases. For
such a study the variation of the energy in small steps
close to and above the barrier is very important, in order
to establish the properties of a cold multinucleon trans-
fer or of a more damped reaction. In these studies we
were guided by the fact that for cold and moderately
excited nuclei, strong shell corrections are predicted in
the mass region of A =140-150 for particular shapes
(quadrupole moments) and mass asymmetries (octupole-
moments) [11,12]. Eventually, a connection to predicted
superdeformed and hyperdeformed shapes in nuclei can
be considered, because the short-lived dinuclear complex
may actually fission, showing features similar to those
observed in cold fission [13], or a strongly deformed com-
pound nucleus may be formed, which will show strongly
collective v transitions.

For the present study, systems have been chosen with
a total mass of the composite nucleus of A =~140-150.
Here the saddle point for two-body decay corresponds to
a shape with a pronounced thin neck. The nuclei (iso-
topes) of target and projectile were further adequately
chosen as to assure optimum conditions for multiproton
transfer; by this choice a large change of the mass asym-
metry in a quasielastic reaction process becomes possible,
and the formation of a cold dinuclear complex has a large
probability.

Part of the results have already been published [14].
In the present paper in Sec. II we give more details on
the experimental setup. In Sec. III the experimental re-
sults are given and an analysis in terms of a first order
multistep transfer process is discussed in Sec. IV. In
Sec. V an interpretation of the results on multinucleon
transfer in terms of the formation of a dinuclear complex
is attempted. A comparison with other processes like
deeply inelastic collisions and fission is made in the same
section.

We give an overview in Table I on the physically rele-
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TABLE I. Dynamical parameters of the reactions studied:
Energy in the laboratory system FEja, and in the center of mass
system E..m., Coulomb barrier Vg at Rp (Bass radius), wave
number k, de Broglie wave length X, Sommerfeld parameter
7, reduced mass p, and radii of the individual nuclei Ri, Rz
with R; = 1.28 4}/° + 0.8 47/° — 0.76.

System 86Kr+5*Fe 82S5e+4-°6Fe
Elap(MeV) 291 310 267
Ecm.(MeV) 112.2 119.6 108.3
Vs (MeV) 114.2 114.2 107.6
Rp(fm) 10.95 10.95 11.00
k (fm™1) 13.34 13.77 13.13
X(fm) 0.075 0.073 0.076
n 80.1 77.6 77.1
p(u) 33.1 33.1 33.2
Ry (fm) 5.07 5.07 4.99
R,(fm) 4.29 4.29 4.35

vant parameters of the three experiments presented here:
Center of mass energy (Ec.m.), Coulomb barrier (Vg),
radial distance for the Coulomb barrier (Rg), and fur-
ther, the wave number (k), the de Broglie wavelength
(A), the Sommerfeld parameter (n = Z; Zoe%/hv), the re-
duced mass (p), and the individual radii of the two nuclei

(R1,Ra2; R; =1.28 A}/S + 0.8 Ai_l/s — 0.76) are given.

II. EXPERIMENTAL PROCEDURE

A. The kinematic coincidence setup and
measurement

The experiments were performed at the VICKSI accel-
erator of the Hahn-Meitner-Institut using a kinematic co-
incidence setup [15] which is illustrated in Fig. 1. Beams
for the experiments with Kr projectiles were delivered
from the Van de Graaff cyclotron combination, whereas
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the Se beam was preaccelerated by the tandem injector.
Because of the high charge states needed to bend the ions
in the k = 130 cyclotron — e.g., for 36Kr at Ej,;,=290
MeV a charge state of 147 is required — a stripping in
front of the cyclotron is necessary. The low cross sec-
tion of this stripping process is the limiting factor for the
beam currents of about 2 pnA obtainable at the target.
Targets of **Fe and 5®Fe, respectively, evaporated on thin
carbon backings with thicknesses of 60—200 pg/cm?2, were
used.

The kinematic coincidence setup is comprised of two
bidimensional (z,y) position-sensitive detectors (cf. Fig.
1): (1) a detector telescope composed of a parallel-plate
avalanche counter (PPAC) and a proportional counter
(PC) with resistive wire anode in a first gas volume and
an ionization chamber (IC) with four anode segments in
a second gas volume with higher pressure; and (2) a re-
coil detector consisting of a bidimensional (z,y) position-
sensitive and time-sensitive low-pressure multiwire cham-
ber (MWC) [16].

The whole scattering chamber with detector tele-
scope and recoil detector attached outside can be turned
around the central point of the chamber. By turning the
scattering chamber, different angle settings of the detec-
tor telescope can be obtained in steps of 5°. The MWC
is mounted on a sliding flange for adjusting its position
by +140 mm without breaking the vacuum (see below).
In the center of the scattering chamber a target ladder is
located, which carries up to 6 targets and is attached to
a vacuum lock.

The targetlike products are measured in the tele-
scope, which has a distance of 830 mm from the target
and covers an angular range Af; of 12.2° in plane and
A¢3=1.45° out of plane, respectively. In the PPAC the
time is measured, and the PC gives the in-plane scatter-
ing angle 03 with a resolution of 863 < 0.1°. The particles
are then stopped in the IC, where the segmented anode
allows the measurement of four successive energy-loss sig-
nals (AE1-AE4). The sum of all energy losses gives the

FIG. 1. Experimental set-up. The detec-
tor telescope [comsisting of a parallel plate
avalanche counter (PPAC), a proportional
counter (PC), and an ionization chamber
(IC)] and recoil detector [multiwire chamber
(MWQ)] are mounted on a turnable scatter-

Deteetor ing chamber.

+/- 140 mm
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total energy deposited in the IC (E-IC), and, after cor-
recting for the energy losses in the first stage of the tele-
scope, the primary total kinetic energy of the detected
particles. The out-of-plane angle ¢3 is derived from a
drift time measurement started with the timing signal
from the PPAC and stopped with a fast signal from the
first anode segment. The energy-loss signal AFE1 depends
on ¢3, because of an inhomogeneity of the electrical field
distribution at the entrance of the IC, which leads to an
incomplete charge collection. With the knowledge of ¢3
a correction for that effect is possible during off-line data
evaluation.

The associated projectilelike nuclei were detected in co-
incidence in the MWC with a sensitive area of 244 mm Xx
122 mm, which corresponds to an angular acceptance of
Al =~ 24° and A¢4 =~ 12° at a distance of 590 mm from
the target. The MWC contains in a symmetric setup
three sensitive electrodes positioned at a distance of 3
mm; the central anode is a grid of 250 parallel gold plated
tungsten wires of 12 pm diameter spaced by 1 mm, and
the two outer cathodes are foils. On the cathode foils
thin strips of metal are evaporated in z and y directions,
with a pitch of 1 and 2 mm, respectively; these strips are
connected to delay lines with 1 and 2 ns delay per tap,
respectively. From the prompt anode signal the timing
information is derived, and time measurements between
the anode and the cathodes signals yield the orthogonal
positions (z,y) and thus the in-plane and out-of-plane
scattering angles 64 and ¢4, respectively.

The reactions were investigated using inverse kinemat-
ics to ensure an unambiguous Z (nuclear charge) sepa-
ration over the full range of @ values for the lighter re-
coiling targetlike nuclei in the IC by the AE/FE method
(Fig. 2 shows an example from the measurement of 8¢Kr
on %#Fe at F,;,=291 MeV). The whole measured angular
range was covered by three (36Kr+°%Fe, Ej,;,=291 MeV)
and four (8¢Kr+5%Fe, E}.,=310 MeV and 82Se+5SFe,

E\.,=267 MeV) overlapping angle settings of the tele-
scope, respectively. The position of the recoil detector
(MWC) was adjusted for each angle setting according
to the calculated two-body kinematics of the measured
reaction channels.

The Q-value spectra for two-body reactions can be de-
duced from two independent methods: firstly, from the
kinetic energy of one of the ejectiles — in the present case
we measured the energy of the targetlike products in the
IC (see above) — and secondly, via an in-plane angle-
angle (04/63) correlation measurement. As an example
of the first method a scatter plot of E-IC versus 03 for
the reaction 54Fe(8¢Kr,Fe)Kr, Ej,,=291 MeV is shown in
Fig. 3. The solid line is the result of the calculated kine-
matics for E3(63), including energy losses in the entrance
of the detector telescope.

In Sec. IIC the differences and merits of both meth-
ods for Q-value determination are discussed. The time-
of-flight (TOF) difference measurement of both ejectiles
could be used to deduce information on the mass of the
reaction products; it is, however, not possible here, due
to limitations in the mass resolution (see Sec. IIC).

B. Data evaluation

As a first step of data reduction free-form gates in the
scatter plots of AE versus E-IC were set to define the Z
of the targetlike nuclei uniquely (cf. Fig. 2), i.e., for two-
body reactions the nuclear charges of the associated pro-
jectilelike nuclei are also determined. With these gates
different classes of exit channels — the “elastic” scat-
tering (which contains inelastic excitations and neutron
transfers) and the charge-transfer reactions of up to four
protons — were defined. For these various exit channels
Q-value spectra were accumulated according to the two
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FIG. 2. AE — FE diagram of targetlike re-
action products in the Kr+Fe reaction. The
charges of the reaction products are indicated
(e.g., Fe, Z=26).
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FIG. 3. Energy in the ionization chamber E-IC vs 65 for
the reaction 54Fe(86Kr,Fe)Kr, Elab=310 MeV.

methods mentioned above using the following procedure:
Along the calculated kinematical dependence (cf. e.g.,
solid line in Fig. 3), the data were linearized and a pro-
jection on the ordinate yields a one-dimensional spectrum
of the excitation energy over the whole angular range. If
the statistics had been sufficient, cuts in the angle could
have been applied to study the dependence of the ex-
citation energy on the reaction angle. The calibration
of the spectra is deduced from calculated kinematics for
different excitation energies.

The angular distributions for the various exit channels
are obtained from projections on the 3 parameter and
subsequent transformations into the c.m. system em-
ploying the relevant Jacobi determinants. The absolute
normalization of the cross sections was achieved with the
help of the “elastic” scattering, which is identical with the
Rutherford cross section at sufficiently small c.m. angles
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FIG. 4. Experimental energy resolution for Fe recoils from
the system %°Kr + °*Fe at Elap=291 MeV for an angle of
63=40°+ 0.2°.
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FIG. 5. Experimental energy resolution as function of
the scattering angle 63 and target thickness for the system
54Fe(®°*Kr, Fe)Kr at Elapb=291 MeV.

(cf. Fig. 7). Data of the different angle settings were
merged to get continuous angular distributions over the
whole measured angular range.

C. Discussion of experimental errors and resolutions

The Q-value resolving capability of the angle-angle
correlation method is demonstrated in Fig. 4, show-
ing the projected Q-value spectrum of the reaction
54Fe(8¢Kr,Fe)Kr, Flapb=291 MeV at an angle of §5=40°;
the angular dependence of this resolution is shown in Fig.
5. The width for the ground state of 5*Fe, which dom-
inates the “elastic” scattering, was measured with thin
targets (30 and 60 ug/cm?, respectively). A best value
of 1 MeV is reached at an angle of 83=40°, but even for
thin targets (30 pug/cm?) the @-value resolution rises to
2 MeV at 03=20°. Since this is insufficient to resolve in-
dividual states, target thicknesses between 180 and 200
ug/cm? were chosen, delivering good statistics. Using in-
verted kinematics, we find that generally less sensitivity
in the Q-value dependent change of the correlation angles
is obtained, due to the dominating velocity of the center
of mass.

The extraction of Q-value spectra from the angle-
angle correlation measurement is unique only for resolved
masses in the exit channels, or if mass integrated spec-
tra are dominated by one isotope only, as for the “elas-
tic” channel mentioned above. In the present case a
separation of isotopes could not be achieved from the
measured TOF spectra (see below). Therefore contri-
butions of different isotopes, corresponding to different
numbers of transferred neutrons, are superimposed in the
angle-angle correlation spectra with their Q-value spectra
shifted heavily due to different kinematics. If, however,
the E-IC information is used, the total kinetic energy
(TKE) is measured directly, after correcting for energy
loss both in the target and in the foils of the telescope in
front of the IC. However, when extracting Q-value spec-
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tra in this way, small shifts due to different kinematics
of different masses must also be taken into account for
superimposed energy spectra of different isotopes, which
are shown in Fig. 6.

The energy scales of the @-value spectra for the three
systems presented in the following sections refer to the
pure proton transfers, and the positions of the ground
states of other isotopes, modified by the kinematics and
reaction @) values, are labeled with the corresponding
mass number (cf. Fig. 6). The experimental resolution
in these spectra is about 2% (3-6 MeV) of the energy
deposited in the IC.

Using a kinematic coincidence setup, we find that mass
spectra can be deduced in principle from a measure-
ment of the TOF difference between the two detectors.
However, the TOF difference is not only affected by the
masses in the exit channel, but also by the excitation
energy. In general, the separation is worse, if inverse
kinematic is used, as in the present case. The use of
inverse kinematics was necessary to ensure a Z identi-
fication for the targetlike ejectiles over a large angular
range. The experimental overall TOF resolution as de-
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duced from the “elastic” channel (about 400 ps for the
system 86Kr + 54Fe at Ej,,=291 MeV measured with a
60 pg/cm? target) was due mainly to straggling effects
in the target, whereas the intrinsic detector resolutions
were in the order of 200 ps.

The following considerations illustrate the limits of this
method: (i) the TOF difference for two adjacent isotopes
(AA=1) is of the order of 1 ns (the values differ for dif-
ferent reaction @ values); and (ii) TOF difference of 1 ns
will also be caused by an excitation energy difference of
about 6 MeV for one isotope, which is smaller than the
width of the @-value spectra (cf. Fig. 6).

Consequently, the widths of the TOF spectra reflect
mainly the excitation energy ranges. A mass information
can be extracted only if a careful comparison between
TOF and TKE spectra is done. In [14] we have demon-
strated this procedure for the system 86Kr + %%Fe at
E1.p=291 MeV and it turned out that the main contribu-
tions in the spectra belong to the pure proton transfers.
This is due to the Q-value mismatch for the neutrons and
the well matched @ values for proton transfer ( see Table
III). Although the cross section of neutron transfer rises

86Kr —> S54Fe, E,, = 291 MeV 86Kr —> S%Fe, E, = 310 MeV 825e —> S6Fe, E,,, = 267 MeV|
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FIG. 6. Q value spectra of reaction products from the reactions of the three investigated systems from the reaction as deduced
from the TKE spectra of the ionization chamber. The Q-value scales refer to pure proton transfer channels. The position of
ground state Q values for different neutron transfers are marked with dotted lines and labeled with the mass number of the
targetlike reaction products. The dash-dotted lines show the positions of the Viola energies.
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with the energy above the Coulomb barrier, this state-
ment holds true for the two other experiments as well.
Nevertheless, no definite conclusions on the contribution
of neutron transfer in the mass integrated spectra can be
given.

III. EXPERIMENTAL RESULTS
A. The system 8¢Kr-+-5%Fe

In Fig. 6 the Q-value spectra deduced from the ioniza-
tion chamber signal of the targetlike recoils at a telescope
angle of 0),,=30° (this corresponds to 0c. . =~ 120°+10°)
are compared for two incident energies of 86Kr (Ej.,=291
and 310 MeV). The spectra are shown for one proton
through four-proton transfers. We observe an increasing
energy loss with increasing number of transferred pro-
tons, which in the case of AZ=4 (reaction product Ti
with Z=22) shows a distribution with a maximum yield
at total kinetic energy loss (TKEL) =12 MeV for the
lower incident energy, and at TKEL=20 MeV for the
higher incident energy. Note that this difference in TKEL
corresponds exactly to the difference in the center-of-
mass incident energies (8 MeV) of the two measurements;
this means that the final kinetic energy does not change.
Whereas the one- and two-proton transfers can be consid-
ered to be predominantly quasielastic in the full angular
range, showing in the maxima total kinetic energy losses
below 10 MeV, the other reaction channels (AZ=3 and
4) must be considered to be to a large fraction (statisti-
cally) damped reactions, because the final kinetic energy
of the maxima in the spectra is determined by the prop-
erties of the two fragments and not by the variation of
the incident energy, similar to the situation in deeply in-
elastic reactions.

Because of limited mass and energy resolution, we de-
fine the elastic channel by the initial charge of the projec-
tile (and target). The angular distributions of the elastic

10" T T T T

S4Fe(B6Kr,Kr)Fe, E,, = 291 MeV

Uel/GRuth
-
o
o
1

(a)

| ISR ST U UNUNT SN WY NN (N SO WSO S S S S
1ttt

S4Fe(86Kr,Kr)Fe, E, ., = 310 MeV
lab

£
-]
o
R 100t
S ;
o
(b)

P

+—1 :

56Fe(82Se,Se)Fe, E, = 267 MeV |

]
£
=]
o
L 100}
S :
o
(©)
g S Y S S B
80 100 120 140 160
O, m. (deq)

FIG. 7. Angular distributions of “elastic” scattering of the
three measured systems. The curves are optical model calcu-
lations, as discussed in Sec. IV.

TABLE II. Cross sections for transfer processes and total reaction cross sections in mb for
the systems 86Kr+5?Fe at Elapb=291 MeV and Ejap=310 MeV, respectively, and for 825e+5%Fe at
FEiap=267 MeV. agM is the total reaction cross section obtained from the optical model analysis.

86Kr+5*Fe 825e+-56Fe
Elan(MeV) 291 310 267
O1p 169 + 0.5 33.8 + 0.6 160 + 0.5
o2p 87 £ 03 13.7 + 0.2 109 + 0.4
T3p 0.89+ 0.06 2.27 + 0.04 0.86 + 0.01
Oap 0.23+ 0.08 0.62 + 0.02 0.31 + 0.01
o =31 0 26.7 + 0.8 504 =+ 0.6 281 =+ 06
oM 46 =+ 3 289 + 1 157  + 2
Ofus = 09M — o' 19 =+ 3 239 + 1 129 + 3
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scattering defined in this way (which includes minor con-
tributions from neutron transfer and inelastic scattering)
are shown in Fig. 7 for the two energies. The devia-
tions from Rutherford scattering are rather small; for the
higher energy a value of o.;/or of about 0.1 is reached
at the largest angles. The curves shown in the figure are
optical model calculations explained in the next section.
The optical model potential is used for calculations of the
transfer cross sections and for estimations of the reaction
cross section op.

The differential cross sections for the proton transfer
channels are displayed in the next section together with
calculated shapes of the angular distributions based on
DWBA. In Table II we give the values of the integrated
cross sections for one proton through four-proton trans-
fers. In this table we notice the characteristic staggering
in the relative strengths of the different transfers. The
step is about a factor of 2 when going from one- to two-
proton transfer and is a factor of 10 for the step from
two- to three-proton transfer. This odd-even effect in
the yield of the fragments is a typical effect of cold nu-
clear reactions; it has been observed in all three cases
presented here and some other reactions [4,7] as well as
in cold fission [13] and will be discussed below.

We also note that the charge (and mass) flow is in
the direction of increasing mass asymmetry, in contrast
with the expectations for a completely equilibrated sys-
tem; this would show a drift to two fragments of equal
mass, because for the Z%2/A value of the total system
(A =~140) with some angular momentum the initial mass
asymmetry is well beyond the Businaro-Gallone transi-
tion point [17,18]. The reason for the transfer of charge
and mass to larger asymmetry is the fact that cold multi-
nucleon transfer reactions (or quasielastic reactions) pro-
ceed along regions of optimum @ values. For discussion
of the optimum Q values we refer readers to Refs. [4,22].
The large span of quasielastic reactions is observed here,
because the system was chosen in order to have optimum
Q@ values for up to four-proton transfer in the observed
directions. The relevant Q values are given in Table III.
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B. Results for the system #2Se--5%Fe

This system was measured in a similar way as the pre-
vious one at an incident energy at the nominal Coulomb
barrier (see Table I). The energy spectra from the ion-
ization chamber are also shown in Fig. 6. They have
great similarity with the result from the 3Kr4-5¢Fe sys-
tem. We note, however, that the width of the spectra
is somewhat narrower, and the energy loss (measured
from the incident energy) is smaller. The latter fact is
mainly due to the more negative @ values of the present
reactions, e.g., the difference for the four-proton transfer
between the two cases (see Table II) is approximately 5
MeV. Therefore less energy (5 MeV) is available for “ex-
citation” or energy loss (in terms of deformation) in the
case of 82Se+56Fe, as compared to 86K r454Fe,

The result of the “elastic” scattering (which contains
neutron transfer and inelastic excitations) is shown in
Fig. 7. The shape of the o.;/or curve places this system
at a relative energy to the barrier, which is intermediate
between the two energies of the 36Kr + 5*Fe systems.

The odd-even effect in the element yield (see also Table
I) and the charge flow to larger asymmetry (against the
statistical driving force) are both strong indications for a
cold quasielastic multinucleon transfer just as in the case
of 86Kr + 5%Fe.

C. Energy loss spectra

For a discussion of the mechanisms of mass and charge
transfer, it is very instructive to compare the energy spec-
tra with predictions from the energy systematics of bi-
nary reactions, which are completely relaxed, known as
the Viola systematics [19,20]. For a discussion of the
observed energy loss we define in Fig. 8 on a linear en-
ergy scale the following quantities: E? _ , center-of-mass
energy of the reaction product (for Qgo= 0 MeV); Qqo,
ground state @ value of the reaction; Ef, most proba-

ble final energy (in the c.m. system); E*, most probable

TABLE III. Ground state Q values of one-proton up to four-proton transfer (+ two-neutron
transfer) in the systems ®®Kr+°*Fe and ®?Se+5°Fe.

86K+ 54Fe
2n in Oon —1n —2n
+1p —1.159 —5.697 —6.880 —15.864 —22.993
Op 3.552 —0.558 0.000 —7.863 —11.495
—1p 0.361 —1.215 —0.233 —6.209 —9.560
—2p 1.936 0.645 3.819 —1.855 —3.313
—-3p —4.652 —3.779 0.389 —3.805 —5.209
—4p —6.423 —4.917 0.638 —3.062 —2.569
82G0 4 56 e
2n in on —1n —2n
+1p —2.335 —6.191 —6.323 —12.084 —14.294
Op 1.714 —1.630 0.000 —5.380 —5.007
—1p —2.735 —3.793 —1.480 —4.868 —4.906
—2p —2.318 —3.111 1.162 —1.440 0.477
—3p —10.006 —8.565 —4.189 —4.017 —1.408
—4p —12.130 —10.271 —4.219 —3.598 1.142
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FIG. 8. Definition of quantities in the energy spectra for a
comparison with the energy of completely damped reactions
(Eviola)- Ey is the most probable final energy of the fragment
and Qgo is the ground state Q value.

excitation energy of the fragments (total kinetic energy
loss).

The kinetic energy of fission fragments has been an-
alyzed by Viola [19], and it has been found that the fi-
nal energy corresponds to a completely relaxed system,
where the kinetic energy is determined by the Coulomb
energy of the two fragments at the scission point. The
systematics have been extended for asymmetric mass
splits by Wilcke et al. [21] and was reevaluated by Viola,
including more recent data [20]. The result is the follow-
ing expression for the energy of two separating fragments:

) 4717,

(Z 1+ Z2)2

The distance of E ¢ from the value of o1, can be taken
as a measure of relaxation in the reaction. The energy
spectra in Fig. 6 have maxima well above Evjola, how-
ever, the spectra extend down to the value given by Eviola
in the case of reactions with three- and four-proton trans-
fers. In these cases also the spectra at different reaction
angles could be discussed, however, the small absolute
counting rate accumulated for these cases does not allow
such a discussion, nor a decomposition into quasielastic
(main) and completely relaxed components.

In Fig. 9 we give a systematic survey of the difference
of Ef — Evio1a and of the kinetic energy loss E” observed
in the three cases. We remark that the main part of the
spectra can be attributed to quasielastic reactions. Af-

2

z
Eviola = (0.1189-— +7.3 MeV . (1)

Al/3

COLD MULTINUCLEON TRANSFER AND FORMATION OF A . ..

687

ter the transfer of four protons the dominant part of the
reactions, as seen in the energy spectra (which is angle
integrated) corresponds to excitations of both fragments
of not more than 10 MeV. We want to point out that
with the increase of the incident energy for the case of
86Kr+54Fe, the value of E’f — Eviola grows and the exci-
tation energy in the fragments stays constant. This indi-
cates that the same configurations are populated in the
fragments at the two energies. For the 32Se+°%Fe case
the energy loss (or excitation energy of the fragments)
appears even smaller; we interpret this result as being
due to the more negative @ values in this case, which
in fact leaves even less energy for intrinsic excitation, as
mentioned in Sec. IIB.

The overall picture from these energy spectra is that
the main cross section of the reaction is not relaxed or
not thermalized in all degrees of freedom; the fragments
stay rather cold. However, the energy loss observed is
in the range of 10-15% of the center-of-mass energy or
the energy of the Coulomb barrier (which is the same).
This indicates that the final fragments are separated by
a distance which is 1.0-1.5 fm larger than the distance in
the incident channel. In order to keep nuclear contact the
fragments must thus be deformed, creating a dinuclear
complex such as that in deeply inelastic reactions [2,3].
Further consideration of this point will be given in Sec.
V.

IV. ANALYSIS OF THE DATA

In this section we use semiclassical considerations as
well as DWBA (first order transfer perturbation ap-
proach) in order to study the reaction mechanism and
to have a background relative to which deviations can be
discussed in terms of the formation of a dinuclear com-
plex.

A. Semiclassical description

In the semiclassical model the differential cross section
for transfer do;/dQ(0) is factorized in three parts

[ *85kr 4 S%Fe, E,, = 291 MeV [ * 85K 4 5%Fe, E,, = 291 MeV
30 T 8Kr + 5%Fe, Ej, = 310 MeV I +86Kr + 5%Fe, £, = 310 MeV J30
[ OB82se + S6Fe, E,, = 267 Mev I  ©OB82se + 56Fe, = 267 MeV |
+ 25
< I ]
é‘i ﬂ_ ] o0 S FIG. 9. Difference of the ex-
o T 1 2 perimentally observed average
ﬁg _t b s F’ final energy and the energy ex-
L 1 ] ! pected from Viola systemat-
i 1 ics, and total kinetic energy
b T 170 loss (excitation energy) of frag-
[ ] ] ments for the three cases.
sk I 1s
% 1 2 3 4 1 2 3 4
number of protons number of protons
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doy _doq

715(9) T dQ

(0)P.(0)F(Q)- (2)

The underlying concepts are extensively discussed in
Refs. [4] and [22]. We use here for the elastic scattering
doe1/dS? the measured cross section, which deviates from
Rutherford scattering at smaller distances of closest ap-
proach (see below). The matching factor F(Q) is close
to unity in our case (see Ref. [22]), and can be neglected,
because the reactions studied here are sufficiently well
matched. P;(6) is the transfer probability. Equation 2
holds even when the “elastic” cross section (with inelas-
tic excitations and neutron transfers) is used, provided
the transfer cross section is defined in the same manner,
as the “elastic” channel.

The approach is based on classical orbits, determined
mainly by the Coulomb field but possibly with small
modifications due to the attractive nuclear force. The
angle information is transformed to the distance of clos-
est approach Ry, by calculating the classical trajecto-
ries. This quantity is replaced by the overlap parameter
do [do = Rmin/(Ai/3 + A;/‘g)], which allows a comparison
of different systems independent of their sizes (see also
Ref. [22]).

The elastic scattering cross section can be written as
a product of an absorption function (1—P,ps) and the
Rutherford cross section: oei1(0) = [1 — Paps(0)]oRrutn(9).
In Fig. 10 we show plots of o¢1/0Ruth as function of dy,
which represent the absorption function.

Figure 10(a) shows the result for the “elastic” scatter-
ing in the system 86Kr45%Fe at E),;,=310 MeV for two
cases of determining dy: one where only the Coulomb
interaction is considered, and a second one with the as-
sumption of an additional nuclear potential, which was
derived from an optical model analysis presented in the
next section. We find a small but distinct influence of
the attractive nuclear potential at 6., > 120° (values
of dy below 1.55 fm), i.e., at the “backward” angles. Fig-
ure 10(b) shows a comparison of the absorption curves
of the two systems 3Kr+54Fe and 82Se+5¢Fe with the
inclusion of the real optical potential in the calculation
of dg. The two curves coincide within the experimental
errors. This is not the case if the nuclear potential is not
taken into account in the calculations.

Although the definition of the final channel with re-
spect to @ value and mass is not as precise in this work
as in Ref. [4], where a magnetic spectrometer was em-
ployed, we use for a quantitative discussion the recipe
defined by Eq. (2) to calculate the transfer (probability)
functions P;,. We do this because systematic features of
transfer processes are more easily seen in the represen-
tation of transfer probabilities. These are shown in Fig.
11 for the three systems. There are several observations
from this representation which help in the interpretation
of the reaction mechanism.

(1) Slopes. The exponential decrease of P; as func-
tion of dg should reflect the behavior of the DWBA-form
factor (see Ref. [4]). We find that in the two 8¢Kr+°4Fe
cases the two-proton transfers show a slope which is twice
as steep as for the one-proton transfers. This is a result,
which is expected for the transfer of a proton pair, with

approximately twice the binding energy of one proton
(2EB) or for a sequential transfer of two protons. For
the three- and four-proton transfers the average slopes
(also for the two-proton transfer in the case of 82Se+°¢Fe)
seems to be the same and does not vary any more with the
number of transferred protons. Thus in our case only the
results for one- and two-proton transfers are consistent
with a quasielastic transfer process. Actually, a Q-value
window for the two-proton transfer with @ values smaller
than 15 MeV gives less steep slopes than that shown in
Fig. 11. The average excitation energy is rather small
(see Fig. 9) and the energy loss is still far away from
the Viola systematics (cf. Fig. 6), therefore a separa-
tion into quasielastic and deeply inelastic reactions is not
meaningful. The reactions have rather the properties of a
cold reaction, and a clear odd-even staggering is observed
(which is discussed in the following quantitatively).

(2) Odd-even staggering. In the two cases (3¢Kr+5%Fe,

86Kr + S%Fe, E,, = 310 MeV
B0 T on o o o o e B e B B B
HC)!
o without nucl. potential
+ with nucl. potential
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FIG. 10. Absorption functions (cei/or) as function of the
overlap parameter do. (a) For the system %6Kr+°%Fe at
E1a=310 MeV; do has been calculated with two assump-
tions. In the second case in addition to the Coulomb po-
tential a nuclear potential is included in the calculation of do.
(b) Comparison of the absorption functions for ®¢Kr+°*Fe
at Elap=310 MeV and ®2Se+5%%Fe at Ej.,=267 MeV; the two
data sets become indistinguishable once the nuclear potential
is included.
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FIG. 11. Transfer functions (probabilities) obtained by di-
viding the transfer cross section by the measured (or cal-
culated) elastic cross section as function of the overlap pa-
rameter do. The calculated curves are normalized to a com-
mon point corresponding to the concept of a sequential trans-
fer. (a) **Kr+°*Fe, Ej,,=291 MeV. (b) *Kr+5%*Fe, Ei.,=310
MeV. (c) #2Se+°°Fe, Ejap=267 MeV.

E1.,=291 MeV; 82Se+°6Fe, Ej,,=267 MeV) which have
the lowest energy with respect to the Coulomb barrier,
there is a pronounced enhancement of the two- and four-
proton transfers. Thus the steps in the probability from
one to two and from three to four protons are much
smaller than the previous steps, which reflect the prob-
ability to transfer the first and the third proton, respec-
tively. This is a clear indication of a cold reaction, where
pairing plays an important role. Observations of this ef-
fect for proton transfer are discussed in Refs. [4,7].

The solid curves in Fig. 11 are results of DWBA calcu-
lations explained in the next section. They are obtained
from the division of the calculated transfer cross section
by the “elastic” cross section and transforming 6. ., to
do, just as done with the experimental data. The nor-
malization of the calculated curves to the experimental
data was determined in the representation as angular dis-
tributions, where both were matched in the region of the
grazing angles. The calculated curves show the expected
increase of the slopes with increasing number of trans-
ferred nucleons (protons). The deviations of the experi-
mental data from these expectations are discussed in the
representation of the data as angular distributions in the
next section.

B. DWBA analysis of the multiproton transfer

In view of the fact that for the discussion of the rota-
tion of a dinuclear complex the observation angle is the
relevant quantity, we turn back to the discussion of the
angular distributions. The analysis of the shapes of the
angular distributions is done using a standard DWBA
analysis as described for example in Ref. [4]. The dis-
torting potentials are obtained from the optical model fit
to the “elastic” scattering. The present calculations for
the “elastic” scattering data are very insensitive to the
choice of the real potential. In Table IV we give differ-
ent sets of Woods-Saxon parameters fit to the measured
“elastic” scattering of the system 86Kr+454Fe at Fj,, =291
MeV. All four parameter sets describe the measured data
equally well. For the transfer reactions with a steep form
factor (such as two-proton transfer) a stronger sensitiv-
ity is expected, because the real potential changes the
deflection function (i.e., the determination of the mini-
mum distance) as illustrated in Fig. 10(a). This is in fact
observed, as shown in Fig. 12. For the form factors we use
the standard procedure of calculating the bound states
with known quantum numbers and binding energies (see
Ref. [4]).

The two-proton transfer turns out to be quite sensi-
tive to the choice of the optical potential. Figure 12
shows two examples. Figure 12(a) shows the result for
the (Kr,Sr) reaction at Ej,,=291 MeV. The potential A
(see also Table IV) certainly has to be favored. At the
higher Kr energy [cf. Fig. 12(b)] another problem arises
at the largest angles (smallest distances); the absorption
appears to be too weak in the calculation, whereas the
experimental data show a fall-off. The calculation gives
a cross section which continues to rise. A possible way to
fit the data is an increase of the real potential strength
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TABLE IV. Woods-Saxon parametrizations of the optical potential for the system *6Kr+°*Fe at
E1.5=291 MeV for a fit to the “elastic” scattering. The asterisks denote numbers that were fixed

during the fit.

Potential V(MeV) ror(fm) a,(fm) W (MeV) roi(fm) a;(fm)
A 11.2 1.38 0.5" 0.33 1.45" 0.4"
B 3.3 1.48 0.3" 0.24 1.50" 0.3
C 37.0 1.24 0.6" 127.0 1.24* 0.3
D 18.2 1.34 0.6™ 2.8 1.22* 0.6

in the exit channel. The effect is shown in Fig. 12(b),
where the strength of the real potential in the exit chan-
nel has been varied. With this approach in fact a bet-
ter agreement can be achieved. This indicates that al-
ready in the one- and two-proton transfer channels some
approximations (namely, the specific choice of the exit
channel distortion potential equal to that one of the in-
cident channel) used in the DWBA calculations are not
valid. Thus the potential in the final channel had to be
adjusted and turns out to be quite different from that of
the incident channel.

For a further discussion of the angular distributions
the one- through four-proton transfers have been calcu-
lated and the shapes are compared with the experimental
data. The shape of the angular distributions of multi-
nucleon transfer is governed in the DWBA approach at
energies close to the barrier [4] by the steepness of the
corresponding form factor (this is sometimes represented
by a transfer probability as function of the minimum dis-
tance). The sequential nature of the multinucleon trans-
fer does not influence this property, because interference
effects due to intermediate steps are negligible at back-
ward angles, but changes mainly the absolute value (the
sequential transfer process dominates by typically two or-
ders of magnitude); actually, each step in the sequential
process is so weak as to be consistent with the Born ap-
proximation. A coupled reaction channel study for multi-
ple neutron transfer done in Ref. [8] illustrates this point.

This comparison is shown in Fig. 13, where for all
three systems the experimental data are shown together
with the DWBA calculations. The latter are normalized
to a point which is typically at 6., =105-140°. The ris-
ing slope at smaller angles is generally well reproduced
for the one-proton transfer and in the case of Kr+Fe also
for the two-proton transfer. The fall-off of the calcu-
lated curves at larger angles is generally strongly under-
estimated, unless much more absorption or attraction is
introduced in the exit channel.

The discrepancies among the DWBA predictions at the
smallest angles cannot be removed by changes in the scat-
tering potential nor by changes in the form factors be-
cause these angles correspond to rather large distances,
where only Coulomb interaction along the scattering or-
bit occurs. The difference between the experimental data
and the normalized DWBA calculations in this forward
angular range as shown in Fig. 13 is interpreted as be-
ing due to another reaction mechanism: the decay of a
two-center complex (see Sec. V). This behavior seems
to be unusual and possibly specific to the systems (and
incident energies) studied here. There exists a variety

of experimental examples [4,7], where at least in the
very restricted angular range, which has been measured,
the multiproton transfer shows angular distributions and
transfer functions, which are in agreement with a multi-
step DWBA approach.

C. Overview of the cross sections

Using the normalized DWBA calculation we can ob-
tain the integrated cross sections for the transfers con-
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FIG. 12. DWBA prediction for two-proton transfers

54Fe(®*¢Kr,Sr)Cr. (a) Illustration of the variations of the real
potential on the two-proton transfer calculations at an inci-
dent energy of 291 MeV. (b) Changes of the optical poten-
tial in the exit channel of the two-proton transfer reaction at
E1.b=310 MeV. Incident channel potential: V = 4.1 MeV,
ror = 1.38 fm, a, = 0.5 fm.
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sidered as quasielastic processes (cf. Table I). The to-
tal reaction cross section og is obtained from the opti-
cal model fit. We are thus able to make a decomposi-
tion of the total reaction cross section ogr into opwga
(quasielastic cross section), onp (“two-center complex”
cross section, nondirect), and og,s. Thus the difference
between og and the rest we can call fusion cross section:
Ofus = OR — ODWBA — OND. We plot these quantities
for the three systems as function of the energy above
the barrier in Fig. 14. We find a systematic behavior
which shows that for the quasielastic reactions (cpwga
and onp) a saturation has been reached in contrast to
the fusion reaction which is rising continuously.

V. THE DINUCLEAR COMPLEX

In close resemblance to the formation of an (excited)
dinuclear complex in deeply inelastic collisions [3] we will

discuss in this section the formation of a dinuclear com-
plex which is cold; the fragments have rather small ex-
citation energies defined by a total energy loss of only
10-15 MeV. This leaves 5-8 MeV for each fragment; in
addition it must be assumed that they are strongly de-
formed, because nuclear contact could not be kept oth-
erwise for fragments with energies 15% smaller than the
Coulomb barrier.

The excitation energy is most likely absorbed into de-
formation of the fragments, and we will consider the de-
cay of a dinuclear complex into two deformed fragments.
The angular distributions show in the range of angles
from 6., =70-100° a slope in do/d2(6) which is very
similar for all cases: we observe an exponential decay
which varies by a factor of 2 within the statistical errors.
For the decay of a dinuclear complex, do /df must be con-
sidered here; however, in the relation dQ2 = sin 6dfd¢ the
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FIG. 13. Angular distributions for one-proton through four-proton transfers for the three systems. The curves are DWBA
calculations normalized as indicated in each case. (a) 86Kr+51Fe at Ejap=291 MeV. The curves are normalized at 0., =140°.
(b) 8% Kr+5*Fe at Ej.p=310 MeV. The curves are normalized at 6c..,. = 105°. The exit channel real potential strength was
adjusted as indicated by choosing a different depth V5. (c) 82Se+5Fe at Elab=267 MeV. The DWBA curves are normalized at
0c.m.=117° the real potential in the exit channel has been adjusted.
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FIG. 14. Cross section for the 8¢Kr+°*Fe and 32Se+°%Fe
systems as function of the incident energy above the bar-
rier. oR, total reaction cross section; o¢ys, fusion cross section;
opwsa and onp stand for the direct transfer and nondirect
cross sections, respectively.

additional variation from the factor sinf in the relevant
angular region is only 6%.

In Fig. 15 we give a pictorial view of the angular dis-
tributions obtained for a dinuclear complex formed in a
transfer reaction. If a dinuclear complex is formed af-
ter the transfer of some nucleons it will start to decay
from an angular position at the grazing angle; it will de-
cay while continuing to rotate, as suggested in Fig. 16.
The exponential decay in the forward angular region is
obtained by rotation of the complex with lifetime 7 as
discussed below.

A. Lifetime of a dinuclear complex

If we assume that we observe the decay of a dinuclear
complex which rotates, we write for the angle of rotation
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FIG. 15. Illustration of the exponential decay of a dinuclear
complex formed with a probability of 30% at the grazing peak
of the quasielastic reaction.

FIG. 16. Pictorial view of the nuclear reaction which leads
to sticking, the formation of a dinuclear complex, and its de-
cay over the rotation angle Af. The incident energy corre-
sponds to a nuclear contact for scattering orbits leading to
reaction angles 0c.m,. > 120°.

6(t) with the angular velocity w (or frequency 27v)
0(t) = wt = 27vt. (3)

After rotation by an angle interval Af we observe a (ex-
ponential) decay by the factor F' (with the decay constant
A ) in the time interval At

F(At) = exp (—3A9> = exp (—AAL). (4)

In order to determine the decay constant A, or the mean
lifetime 7 = 1/, we have to calculate the angular veloc-
ity w. We obtain this from the expression for the rota-
tional energy FE,o¢

1 I(I+1)R* I?h?

ro:—Jz——_ .
Brov = 5 Jw 27 27

(%)

Here I is the angular momentum and J the moment of
inertia. The final expression to determine 7 from the
exponential decay over an angular interval A# thus reads

Al A0 J

T Wm(l/F)w  In(1/F)1 1574102 s . (6)

T

For the determination of 7 from the observed exponen-
tial decays we have to use values of J and I relevant for
the present case. We assume that the critical angular
momentum for fusion gives approximately the angular
momentum for the dinuclear complex. They can be ob-
tained from the cross section for fusion, which have been
determined in Sec. IV, applying the sharp cutoff model.

For the moment of inertia J we take two deformed
fragments (deformation parameter ) with an internu-

clear distance Ro = do(Ai/3 + A;/s) and do=1.55 fm, a
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value which reproduces approximately the observed en-
ergies in the exit channel:

2 1 2 1
J=3Mﬂﬁ(1+§&)+gMﬂ@(l+§&)
A1A2 Rz

2 g2 7
TA 4, @)

With these assumptions we can draw curves for the life-
time 7 of a dinuclear complex as function of the factor
F for different values of angular momentum I according
to Eq. (6). They are shown in Fig. 17(a) for the system
86Kr+54Fe, 310 MeV and in Fig. 17(b) for 82Se+56Fe,
267 MeV.

B. Results for the lifetime of the dinuclear
complexes

In Fig. 17 the hatched areas indicate the regions of
values of F', which were derived from the experimental
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FIG. 17. Results for lifetime 7 of the dinuclear complex
deduced from the decay factor F' over an angular range of 30°
and for different total angular momenta I: (a) for 8Kr+5*Fe
at Elab=310 MeV; (b) for #2Se+°°Fe at Ei.,=267 MeV.

data shown in Fig. 13 for an angle interval of A§=30°.
The slopes of the cross sections at small c.m. angles
show little dependence on the number of transferred pro-
tons within the statistical errors, at least for the two-,
three-, and four-proton transfers. This situation occurs,
as schematically shown in Fig. 15, if the cross section of
the quasielastic transfer in the chosen angular range is
much lower than that one of a second process, namely,
the decay of a dinuclear complex, indicated by the de-
cay curve. In Fig. 17 the dependence of the lifetimes on
the angular momentum I of the composite system is also
shown. A good estimate for the maximum value of I is
given by the critical angular momentum [, in a sharp
cut-off approximation for the fusion cross section. These
values — 38A for the system %6Kr+5¢Fe, 310 MeV and
27h for 82Se+5%Fe, 267 MeV — are also obtained in the
DWBA calculation as partial waves with the maximum
cross section, e.g., for the two-proton transfer. However,
from the present experimental data it is not possible to fix
uniquely the most probable [ value of the dinuclear sys-
tem. Therefore we have plotted in Figs. 17(a) and 17(b)
lifetime curves for the maximum angular momenta, which
yield the shortest lifetimes, and for some lower values of
l. Because various studies [25] have shown that close
to the barrier the [-value distribution for compound nu-
cleus formation is smeared out considerably (relative to
the distribution calculated with the sharp cut-off model),
we choose /=204 as a mean value. The range of possible
angular momenta around this mean value gives the range
of the extracted lifetimes 7. The uncertainties from the
errors in the determination of the decay factor F' from
the slopes of the angular distributions at small c.m. an-
gles [shown as hatched areas in Figs. 17(a) and 17(b)] are
much smaller than the resulting ranges.

The resulting values for the lifetimes are 7=813x 10722
s for 86Kr+45%4Fe at Ej,,=310 MeV and 7=615x10722 s
for the system 32Se+56Fe at Ej,,=267 MeV, respectively.

Finally we want to discuss the fusion reaction as a
process, which could possibly contribute to the observed
nondirect cross section onp besides the decay of the din-
uclear system. For this discussion the system 36Kr+54Fe
at Ej,,=310 MeV is chosen, because it has the largest
fusion cross section of 0¢,s=239 mb out of the three in-
vestigated systems (cf. Table I). The maximum angular
momentum of the compound nucleus (*4°Sm for this sys-
tem) as given in Ref. [24] is about 75%4. Therefore, fission
is expected to be negligible. The excitation energy of
the compound nucleus is given by the difference between
the incident energy and the @ value for complete fusion.
Taking into account a rotational energy of 8 MeV yields
an excitation energy of E*=36 MeV.

Nevertheless we give a quantitative estimate of the fis-
sion component. The compound nucleus 4°Sm is well be-
low the Businaro-Gallone point and if it fissions it will fis-
sion symmetrically with fragments masses of Ag ~70. To
estimate the probability of fission as exit channel in the
present system we applied the statistical model of Van-
denbosch and Huizenga [23] and obtain I',, /T’y = 1 x 108
(T, decay width for neutron evaporation; I'y, fission de-
cay width).

It follows from the considerations above that the mea-
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sured nondirect cross section onp is not influenced by
fusion reaction processes. The decay of a dinuclear com-
plex turns out to be the only possible mechanism to pro-
duce the observed cross section at small c.m. angles in
the transfer angular distributions.

C. Summary

We have investigated multiproton-transfer reactions in
medium heavy systems at three energies below, at, and
above the barrier. Mass integrated Q-value spectra and
mass and excitation energy integrated angular distribu-
tions for transfers of up to four protons have been mea-
sured. From the @Q-value spectra it can be concluded that
the reaction products are predominantly weakly excited,
i.e., a cold transfer process had occurred. This obser-
vation is supported by the transfer probabilities — they
are deduced from the angular distributions — showing

that the pairing of the protons is preserved, even after
the transfer of four protons.

The measured angular distributions for the one-proton
transfer and partially two-proton transfer agree with pre-
dictions of DWBA calculations, whereas the three- and
four-proton transfers show distinct deviations in the for-
ward angular region. The origin of the enhanced cross
sections in this angular region is attributed to nondirect
reaction processes, namely, the decay of a long-lived din-
uclear complex. The formation of a dinuclear complex in
the present systems is probably supported by stabilizing
shell effects, predicted for the mass region and octupole
deformations corresponding to the measured exit chan-
nels.

Applying a simple dynamical model for these pro-
cesses, lifetimes of the cold dinuclear complexes were de-
termined. The resulting lifetimes are only about twice
the collision time.
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