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Cold multiproton-transfer reactions in the system 8Kr -+ >*Fe below the Coulomb barrier
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Angular distributions of the one- up to four-proton transfer have been measured in the system
86K r+ 3*Fe at an energy of Ej,, =291 MeV. The one- and two-proton-transfer angular distributions are
well described by the distorted-wave Born approximation. The three- and four-proton transfers show
strong deviations from this approach with contributions which are isotropic. The isotropic component
is attributed to reaction processes with a longer time scale. This conjecture is supported by the observed
total energy loss of 15-20 MeV, consistent with fission systematics, where strongly deformed and cold
fragments are produced. These results are interpreted as the decay of a long-lived two-center system

which is stabilized by shell effects.

The study of interactions between nuclei close to the
Coulomb barrier has revealed a variety of phenomena,
which show that a strong-coupling situation prevails [1].
All degrees of freedom of the individual nuclei (collective
excitations, single-particle properties) and of the two-
center complex (neck formation, deformed shells) may be
relevant in this complex scenario of nucleus-nucleus in-
teractions. If the reactions are studied below the
Coulomb barrier, the available kinetic energy, which
could possibly be transformed into intrinsic excitation, is
only a few MeV (<20 MeV in our case). Various
features known from cold nuclear fission [2], where
different valleys of mass fragmentation are determined by
the properties of the total system and where pairing prop-
erties are manifested in terms of odd-even effects in
charge yields, are expected to be observed in correspond-
ing cold multinucleon rearrangement reactions. Proper-
ties of these reactions should be linked to the phenomena
of superdeformation and hyperdeformation [3] and may
have been observed in other studies of rearrangement col-
lisions below the barrier [4,5]. A rich field of nuclear
two-center (or molecular) configurations depending on
many parameters (total particle number and particle
number asymmetry of interacting nuclei, deformation,
single-particle properties, angular momentum, etc.) is ex-
pected to be hidden in reactions below the Coulomb bar-
rier with low cross sections.

We report here the results of a study of multiproton
transfer in the system 3°Kr+*Fe at an energy below the
Coulomb barrier. The measurement was performed with
a %°Kr beam at an incident energy of E;,;, =291 MeV on a
*Fe target (180 pg/cm? on a thin '’C backing). The
scattering system was chosen in order to assure Q-value
matching of the quasielastic one- to four-proton transfer.
Thus, due to the choice of the system, targetlike nuclei
which have smaller charges than Fe (Z =26) are favored
because their ground-state Q values are more positive
than the optimum Q values, Q,, (cf. Table I). For the
definition of Q,, see Ref. [5]. Further, due to the prop-
erties of the two colliding nuclei, which have closed neu-
tron shells N =28 (**Fe) and N =50 (®**Kr), combined
transfers of protons and neutrons are less favored.
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The experiment was performed at the VICKSI ac-
celerator of the Hahn-Meitner-Institut using a kinematic
coincidence setup [6] consisting of two bidimensionally
position-sensitive detectors, i.e., a telescope with an angu-
lar acceptance of 12.2° in plane and 1.45° out of plane and
a low-pressure multiwire chamber (MWC) covering
24° X 12°. The distances from the target were 830 and 590
mm, respectively. In the telescope, the ejectiles penetrate
a parallel-plate avalanche counter (PPAC) and a propor-
tional counter with resistive wire anode (yielding an in-
plane angle resolution of 86, <0.1°) and are stopped in
an ionization chamber (IC) located in a second gas
volume with higher pressure, which allows four succes-
sive energy-loss measurements. The out-of-plane angle is
derived from the drift time in the IC [6]. The targetlike
recoil nuclei were detected in the telescope over the angu-
lar range 14° < 0,,, <46° with three overlapping angle set-
tings and the associate Kr-like products were detected in
the MWC.

Because of the high velocities of the recoil nuclei, an
unambiguous Z separation of the targetlike products was
achieved with the AE-E measurement in the IC over the
full range of Q values (cf. Fig. 1). On the other hand, al-
though the time resolution of both the PPAC and the
MWC were better than 200 ps, no separation of individu-
al masses was obtained from a time-of-flight (TOF)
difference measurement between ejectiles and recoils
since the mass lines of neighboring isotopes were overlap-
ping in the TOF vs scattering angle spectra because of
the Q-value range included in each line. In addition, the
lines were broadened by energy-loss straggling and
small-angle straggling of both fragments in the target.
Thus, no mass gates were set. But from the widths and
the positions of the mass spectra in comparison with the
Q-value spectra, it can be concluded that the flux is con-
centrated predominantly in the transfer of protons with
some widening by additional transfer of neutrons. This
experimental result is discussed in somewhat more detail
below; it confirms the Q-value arguments given above.

Q-value spectra were obtained from two independent
methods: at first from the total kinetic energy (TKE)
measured with the IC after correction for energy loss
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TABLE I. For different reaction channels the ground-state (Qq) and optimum (Q,,,) Q values are
given. E_ . —Evy;,, is the maximum available energy in the outgoing channel assuming a fission pro-
cess for asymmetric mass splits. Q and AQ are the measured average Q values and their widths, respec-

tively. All values are given in units of MeV.

Outgoing _ _ AQ
Transfer channel Qw Qopt E, . —Evioa 0=Qw—E, (FWHM)
2p S6Ni + 34Se —9.66 1.92 12.2
1p Co+%Br —6.88 1.08 13.1
SFe+3Kr 0.0 0.0 13.8 0 4
1n SFe+%Kr —0.56
2n Fe+34Kr 3.52
3n S"Fe+%Kr 0.65
4n 8Fe+5Kr 3.23
—1p 3Mn+%Rb —0.23 —1.32 15.0 -2 6
—1p,1n *Mn+%Rb —1.22
—1p,2n *Mn+*Rb 0.36
—1p,3n Mn+*Rb —2.86
—1p,4n "Mn+8Rb —2.98
—2p S2Cr+%8sr 3.82 —2.88 16.3 —8 9
—2p,1n 3Cr+%sr 0.65
—2p,2n 4Cr+%sr 1.94
—3p,—1n 0y + 20y —3.82
—3p Sy 48y 0.39 —4.67 17.9 —10 12
—3p,1n 27y + 88y —3.78
—4p, —2n BTi+Zr —2.57
—4p,—1n “Ti+°'Zr —3.06
—4p SOTi+%0Zr 0.68 —6.71 19.7 —11 18

both in the target and in the entrance of the telescope,
and second from the in-plane angle-angle correlation
measurement. In the latter case, the resolution—as in-
ferred from the widths at the high-energy side of the Fe
spectra—differs between 4 MeV (20°) and 1.4 MeV (40°)
whereas, in the TKE spectra, the resolution is 3.5-4
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FIG. 1. AE-E scatter plot measured with one angle setting of
the ionization chamber at 30° the angular range of 24°-36° is

covered. The plot documents the unambiguous Z separation
obtained for recoil nuclei with Z =22-26.

MeV. With both methods the excitation energy spectra
belonging to unresolved isotopes are shifted for different
ground-state Q values and overlap in the sum spectra.
With the angle-angle correlation measurement, the spec-
tra belonging to different isotopes are also shifted for
equal ground-state Q values because of the mass depen-
dence of the kinematics. Both sets of spectra show essen-
tially identical widths and positions for the transfer chan-
nels. Selected Q-value spectra measured in the IC, but
with the additional restriction of kinematic coincidence,
are presented in Fig. 2 together with the TOF spectra be-
longing to them. In addition, using the out-of-plane
angle-angle correlation it was confirmed that no back-
ground from nonbinary events was present. In both types
of spectra for each element the positions of the ground
states are indicated for all isotopes which come close to
the proton-transfer channels with respect to ground-state
Q value (AQ ==5 MeV) and neutron number (AN = +4),
By detailed inspection of both spectra for each element,
the following conclusions can be drawn concerning neu-
tron transfer yields in the spectra (cf. also Table I): For
Z =126, visible contributions from neutron transfer to the
“elastic” yield (see below) can be excluded as well as for
Z =25 (one-proton transfer, 4 =53) with the exception
of the A =54 channel. But the latter spectrum is clearly
dominated by the one-proton transfer with an average ex-
citation energy E, ~2 MeV. For Z =24, the main yield
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FIG. 2. Q-value spectra measured with the IC at 30° for the
elements Z =22-26 in comparison with the TOF spectra be-
longing to them. The Q-value spectra were evaluated with the
additional restriction of kinematic coincidence in order to ex-
clude nonbinary events. In both types of spectra the positions
of the ground states of several isotopes are indicated (see text).
In the Q-value spectra the scale is relative to the ground states
of the pure proton transfer channels.

clearly corresponds to the two-proton transfer ( A =52)
with E, ~8 MeV, but contributions from 4 =53 and 54
with smaller excitation energies cannot be excluded. For
Z =23 the three-proton transfer yield (A4 =51) with
E,~10 MeV is obscured by the 4 =50 and 52 channels
with E, =7 MeV. For Z =22 the main yield is interpret-
ed as belonging to the four-proton transfer ( 4 =50) with

E,~12 MeV, but contributions from A4 =48 (E, =8
MeV), 4 =49 (E, =9 MeV) are possible.

Since no separation of individual excited states was
achieved in the Q-value spectra (cf. Fig. 2), the inelastic
excitations are always contained in the definition of the
cross sections for all subsequent transfer steps. No gates
were set in the Q-value spectra. This approach for the
definition of the quasielastic transfer cross section has
been discussed and used in various experiments using
heavy ions, where complete separation of the final states
was not achieved [7-9]. For larger AZ values, the width
of the Q-value distribution increases and the average exci-
tation energy increases from about 2 MeV for one-proton
transfer to about 12 MeV for four-proton transfer.

Z gates were set as free-form gates in the two-
dimensional AE-E scatter plots (cf. Fig. 1) to define the
cross sections of the “elastic” scattering and of the pro-
ton transfers, respectively. A projected spectrum of the
element yield (Z spectrum) obtained for one angle setting
of the telescope is shown in Fig. 3. As can be seen, the
yields for the transfers of even numbers of protons are
enhanced with respect to odd proton numbers.

In Fig. 4 we show the angular distributions for the
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FIG. 3. Projected Z spectrum corresponding to the data of
Fig. 1.
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FIG. 4. Angular distributions of the “elastic” scattering and
proton-transfer channels containing partially neutron transfers
and inelastic excitations (see text). The ‘“‘elastic” scattering is
normalized to the Rutherford cross section. The curves are
DWBA calculations (code PTOLEMY) normalized to the data at
6. ... =140°. The optical-model parameters used for the calcula-
tions are ¥ =11.5 MeV, ry,,,=1.38 fm, a,=0.5 fm, W =0.33
MeV, rop=1.45 fm, and ay =0.4 fm.
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mass- and energy-integrated yields for each element. The
“elastic” scattering, which contains inelastic excitations,
is shown as oy4/0jy, It deviates only slightly from
Coulomb scattering and is used at the smaller CM angles
for absolute normalization of the cross sections. Adding
back the measured transfer channels almost recovers the
original Coulomb scattering cross section (see below).
The one- and two-proton transfers show the expected be-
havior of quasielastic sub-Coulomb transfer reactions,
whereas the transfer of more than two protons and possi-
bly additional neutrons gives angular distributions which
extend to smaller angles. This rather unexpected behav-
ior in the present sub-Coulomb reaction would be typical
for deep-inelastic reactions observed at energies above the
barrier, where with increasing mass transfer, the energy-
loss increases, and a dinuclear complex is formed [10].
The decay of this dinuclear complex gives angular distri-
butions which extend over a large angular range. In the
present case, a rotation by at least 40° or negative
deflection to angles of 140° and more is necessary to give
the cross section for the four-proton transfer.

A consideration concerning the energy loss puts this
observation into perspective. We note that the incident
energy is below the Coulomb barrier E; as can be in-
ferred from the shape of the “elastic” angular distribu-
tion (cf. Fig. 4). If we define E. with a parameter
dy=1.35 fm, with dy=R,;,/(AV3+4)3 and
R ,;,(180°) being the distance between the centers of mass
of both nuclei at 6, =180°, we obtain E-(1.35)=122
MeV, which has to be compared with the incident energy
of E . =112.1 MeV. Other parametrizations deliver
lower values (cf., e.g., Refs. [11] and [12]) of E.=114.0
MeV and (Ref. [12]) E;=112.8 MeV, respectively. Using
the expression of the Viola systematics for the total kinet-
ic energy of fission fragments [13], extended for an asym-
metric mass split [14],

(TKE),,
=(0.1065Z%/ A'*+22.1 MeV)4Z,Z, /(Z,+ Z, )

we obtain, for the four-proton transfer channel
(Z,=22, Z,=40), a value of (TKE ),,=93 MeV. This
value is close to the final energy obtained by subtracting
from E_ . =112.1 MeV the energy loss corresponding to
a Q value of —15 to —20 MeV observed in this channel
with a strong cross section (see Fig. 2). In Table I we give
the values of the energy loss expected for the Viola sys-
tematics, the values of the average Q values extracted
from the experimental spectra for pure proton transfers,
and their widths. For the one- to three-proton transfers,
the spectra are dominated by the quasielastic process and
angular distributions rather reflect this fact. Inspecting
the energy spectra in Fig. 2, we find that, for all elements,
a component with Q values extending to approximately
—20 MeV is observed. If we calculate the minimum dis-
tance for the observed relative energy of the final frag-
ments (corresponding to an energy loss of 15-20 MeV),
we find an overlap parameter of dy=1.5-1.6 fm. At
these distances the nuclear potential between two
separated spherical nuclei is too small to affect the
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scattering orbit in a perceptible manner. This is so, in
particular, for the case of four-proton transfer, where the
form factor is very steep. Tests with distorted-wave Born
approximation (DWBA) calculations show that a varia-
tion of the depths of the spherical real optical-model po-
tential in the entrance and exit channels from 3 to 13
MeV corresponding to potential changes of 120% at
dy=1.55 fm does not significantly change the shape of
the angular distribution in the angular range measured.

Thus, in order to establish nuclear contact, the energy
loss must be used mainly in the deformation of one or
both fragments leaving only a few MeV for intrinsic exci-
tation. We must therefore conclude that the potential en-
ergy of the total system is determined by a cold dinuclear
complex where one or both of the two fragments are de-
formed and that shell effects of the strongly deformed
combined system must be assumed to produce an attrac-
tive nuclear potential at these large distances. This is in
contrast to deep-inelastic reactions (observed above the
barrier) where strong nuclear contact already in the en-
trance channel leads to orbiting and excitation of the
fragments [10].

For comparison we quote earlier four-nucleon-transfer
measurements below the Coulomb barrier where the re-
action was observed to proceed “normally”” as a multistep
transfer in a multiple first-order transfer approximation
[15,16]. The contribution of the long-lived dinuclear
complex in these cases, however, may have been missed
because of its small cross section. Other measurements of
angular distributions of one- and two-neutron transfer us-
ing radiochemical methods in collisions of Au on Au and
U gave no indication of deviation from Coulomb orbits
[17].

For a further discussion it is useful to extract the cross
sections of the various channels. From an optical-model
fit to the “elastic” scattering we obtain a total reaction
cross section of oz =47.5 mb (excluding the nonobserved
neutron transfer to Kr and Fe isotopes and inelastic exci-
tations). Integration of the one- and two-proton transfer
yields 0,,=16.3 mb and 0,,=9.4 mb. The quasielastic
transfer part in the three- and four-proton transfer o,
and o, can be obtained by assuming a shape of the angu-
lar distribution as expected from a DWBA calculation
(see Fig. 4). In a semiclassical picture this is also ob-
tained by a sequential transfer fitted to the data at
0;.m. =140°. This yields 03,=1.1 mb and 04, =0.26 mb,
respectively. With this result we are left with a cross sec-
tion for a second isotropic component of about 0.15 mb,
in both 03, and o,,. It was not possible to observe such
contributions in the one- and two-proton transfer because
of the larger cross sections of the quasielastic part.

The difference between the total reaction cross section
or and the sum of the measured transfer cross sections
leaves a cross section of approximately 20 mb for fusion.
This is in good agreement with, e.g., data from Scarlas-
sara [18] for the systems >Ni+°%°1%Zr and with the re-
sults of Ref. [4] for the lowest energy. For equivalent en-
ergies with respect to the Coulomb barrier Scarlassara
found fusion cross sections of about 6, 12, and 22 mb for
the targets *°Zr,°'Zr, and **Zr, respectively.

The formation of a long-living dinuclear configuration
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is most likely supported by shell effects at large deforma-
tions as discussed for small and large angular momenta,
for example, by Ragnarson and Sheline [19], Aberg [20],
and Holler and Aberg [21]. For the present composite
system (Z =62, N =78), a strong shell correction is ex-
pected [19-21] for quadrupole and octupole deforma-
tions, the latter being connected to mass asymmetry. The
role of the mass asymmetry on these shell effects has so
far been considered in the context of the potential
landscapes of cold fission [2] and recently also in calcula-
tions based on a rotating two-center shell model [22].
Finally, we address ourselves to the effect of proton
pairing. In both target and projectile nuclei the protons
are in open-shell configurations in which pairing is
known to produce specific properties, namely, proton-
pairing vibrations in **Fe and a pairing rotational band
with the 0" ground states of *°Kr,%®Sr, and °°Zr which
are populated in this reaction. We apply the semiclassi-
cal model [9] and obtain the transfer functions (probabili-
ties) P, from the definition P, =0 ,(0)/04(6) or at a
fixed value of R;,, the yield of P,, relative to the
sequential one-proton transfer given by (P, )? will appear
enhanced by a factor EF, P,, =EF(P,, )2 (as can be seen
directly from Fig. 3). We obtain EF=10 for the two-
proton transfer. If we use the yield for o3, and o,, at
d,=1.55 fm as representative for the further steps, we
find that the four-proton transfer carries the same
enhancement P,, =(P,, )? and also P,,=P;,P,,EF. The
shape of the P, (d,) functions for the three- and four-
proton transfers are, however, now completely changed
for larger values of d, because of the contributions of the
long-lived dinuclear complex as discussed above. The
persistence of the pairing enhancement for the second
proton pair is an indication that the reaction is a cold

multinucleon transfer and that shell effects of the dinu-
clear complex can be relevant in the reaction.

In summary, we have observed cold multinucleon-
transfer reactions between heavy nuclei at an energy
below the Coulomb barrier. The results can be under-
stood as a cold rearrangement reaction in which a dinu-
clear complex is formed. The cross section for the
transfer of an even number of protons is enhanced rela-
tive to those with odd proton numbers as in cold fission,
supporting independently the notion of a cold rearrange-
ment reaction. The nuclear potential at the distances en-
countered in this reaction is not sufficient to cause strong
deviations from the Coulomb scattering orbit. The obser-
vation of these deviations cannot be explained by stan-
dard nucleus-nucleus potentials. Considerable deforma-
tion of the fragments and a potential-energy gain of more
than 2% of the Coulomb barrier energy is needed to
cause sufficient deviations from Coulomb orbit. This is
taken as an indication that the potential energy of the
dinuclear complex is influenced by shell effects in the
spirit of Ragnarson and Sheline [19], which give an ener-
gy gain of several MeV for certain total numbers of pro-
tons or neutrons. In the present case the total number of
Z =62, N =78 coincides perfectly with particle numbers,
where large shell corrections are predicted for strongly
deformed nuclear shapes with mass asymmetry (or octu-
pole deformation) [20,21]. This observation has strong
conceptual links to the predicted hyperdeformation [3]
and to the properties of the potential surfaces in cold nu-
clear fission [2]. Studies of cold rearrangement reactions
with the precision presented here will, in particular, if
combined with modern 47y detector arrays, give in-
teresting insight into shell effects at extreme nuclear de-
formations and in two-center complexes.
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