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Angular andQ-value distributions for a large variety of charge and mass partitions populated in the reaction
40ca + '?%sn have been measured at 170 MeV with a new time-of-flight magnetic spectrometer. Reaction
channels involving the net transfer of up to six protons and six neutrons have been detected. Population
patterns, cross sections, and energy-loss distributions are compared with results of theoretical calculations
based on independent single-nucleon transfer modes. The overall agreement is good, but more complex mecha-
nisms may be needed to account for the larger drift towards neutron stripping revealed by the experimental
data.[S0556-281®6)01107-7

PACS numbgs): 25.70.Hi, 24.10-i, 25.70.Bc

I. INTRODUCTION deep-inelastic and fusion processes merge. This transitional
regime has been recently approached within a novel theoreti-
The study of multinucleon transfer processes providegal formalism that handles both types of processes on a com-
valuable information on particle-particle correlations in nu-mon ground5,6]. By using average nuclear properti@sg.,
clei, especially about the pairing interactions that enhancsingle-particle form factors and single-particle level densi-
the transfer of nucleon pairs across heavy ions in close corties), explicit expressions can be obtained for the character-
tact. In spite of determined experimental efforts it has re-stic functions describing the distributions of mass, charge,
mained very difficult to collect reliable multinucleon transfer energy, and angular momentum of the outgoing fragments.
data. Having good nuclear charge, mass, @idalue reso- This yields quantitative estimates for various observables
lution and high detection efficiency at the same time is inthat can be directly compared with experiments. It follows
fact a difficult task. Cross sections are very small andfrom these calculations that a large number of nucleons may
uncertainties—like target impurities and nucleon transfer foloe exchanged between the reaction partners and that a con-
lowed by evaporation—prevent unambiguous identificatiorsiderable energy loss may occur even outside the Coulomb
of the primary reaction products. Moreover, the limited en-barrier—with direct consequences for compound nucleus
ergy resolution hinders a clean separation of the final intrinformation. These findings prompted some of us to use this
sic states and, as a consequence, the available cross sectifty$nalism to explore multiple-transfer processes with radio-
are mostly the result of integrations over wiQevalue win-  active beams in order to determine the actual possibilities of
dows. A net transfer of six protons has been identified in theproducing extremely neutron-rich isotopes of the heaviest
reactions!*sm + 88sr and'4Sm + 2%%pp[1,2], while the  elementg7,8].
transfer of up to four neutrons was reported in the reaction The idea that multinucleon transfer may be described via
11251 + 1205n[3]. Only very recently has the net transfer of a successive transfer of single nucleons has been applied to
six neutrons been clearly identified in thA%¥Mo+ °®Ni reac-  the analysis of few-nucleon transfer data for tA&S +
tion [4]. 20%ph systen(9]. In this case, with a good elastic angular
Multinucleon transfer plays a very important role in the distribution, we determined the optical potential and calcu-
description of collisions between heavy ions at energiesated, in the complex-WKB approximation, the angular dis-
close to the Coulomb barrier, in particular, at the borderlingributions of the different transfer channels with encouraging
where peripheral quasielastic reactions and the more centredsults. However, the limited statistics and the difficulty of
detecting weak multinucleon transfer events did not allow us
to explore in detail the complex mechanisms which might be
“On leave from Shanghai Institute of Nuclear Research, Shanghgiresent in these processes. This objective led us to set up a
201800, China. new time-of-flight (TOF) magnetic spectrometdd 0] with
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high detection efficiency and high nuclear mass and charge
selectivity.

The new instrument has been used in the present work to
investigate the reactioA’Ca + 12%Sn for a bombarding en-
ergy of 168.5 MeV at the center of the target, corresponding
to = 5% above the nominal Coulomb barrier. The choice of
the system was dictated by the fact that both nuclei are well
known experimentally and theoretically. This combination of

projectile and target was also taken as a representative case

in the calculations previously mentiongd,8]. Angular and

Q-value distributions have been measured up to the transfer
of six neutrons, six protons, and mixed neutron-proton chan-
nels; a quantitative comparison with calculations was then
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The paper is organized as follows. In Sec. Il we give an o
T T T

account of the setup and the experiment. In Sec. Il we dis-

cuss the results and we compare the experimental and theo-

retical cross sections ar@-value distributions. Conclusions 10'
are given in Sec. IV.
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Il. THE EXPERIMENT g 10 3 3
The experiment was performed at the XTU-Tandem ac- @& L ]
celerator facility of the Laboratori Nazionali di Legnaro. A © 0

40Ca beam was extracted as a Calrholecule from an ion
sputter source and delivered at 170 MeV with intensities of , _
5-10 pnA onto a'?’Sn target with a thickness of 180 10 =20
wg/lem? and an isotopic enrichment of 97.5%. Light ejec-
tiles have been detected by the new TOF spectrometer, with
geometrical characteristics similar to the setup of R&t]
and equipped with two microchannel plate detectors
(MCP’s) for TOF signals, and a multiparametric ionization
chamber ofAE-E type, for nuclear charge and energy mea- FIG. 1. Z-A matrix obtained at 75{top) and its projection on
surement. Between the two MCP’s we installed two mag_the mass axis for the calcium iSOtO[xmttorn). In the matrix, and
netic quadrupole doublets, which focus on the focal plané‘Ot in the projection, only a part of the total accumulated statistics
ions with a magnetic rigidity up t@p=1.5 T m (with an IS shown.
acceptance in the range5%), still achieving a large effec-
tive solid angle of= 5 msr, about a factor of 10 larger than and proton stripping, and of one proton pickup have also
what was available previous[\L2]. Moreover, the TOF dis- been observed. Cross sections have been measured over a
tance being= 3.5 m, we can get a mass resolutidd/A  range of four orders of magnitude, down, e.g., %0 28
= 1/100 for medium mass ions in the energy range of 1-2ub/sr for the+6n channel at 75°.
MeV/u, which is essentially limited by the energy resolution  In order to check that no bias exists on the data due to the
of the ionization chamber<1%). The mass resolution distributions of momenta and charge states of the detected
could be further improved by the use of kinematic coinci-ions (focused by the magnetic quadrupgle®-value distri-
dences. Therefore the new instrument is also an ideal tool fdbutions obtained with the quadrupoles switched on and off
detecting very weakly populated channels. More details ohave been compared for each exit channel at 69°, 75°, and
the setup will be given in a paper presently in preparation. 100°. The centroids and shapes of the spectra are very simi-
The spectrometer is connected to a rotating scatteringar within statistical uncertainties, with an intensity ratio of
chamber, and angular distributions have been measured 22 = 2 with and without magnetic fields for all transfer
six angles near the grazing one, in the rangg,=69° channels and independent of angle. This turns out to be con-
—105°, so as to cover most of the total transfer flux. Abso=sistent with theBp transmission function determined during
lute normalization of the cross sections and relative normaltest experiments and calculated with the codece2p[13].
ization between different runs were ensured by two silicon The total number of counts for each transfer channel in
detectors placed at,,= *20° with respect to the beamline the different runs has been obtained by simply integrating the
and at 15 cm from the target. Figure 1 shows an example odvents in the corresponding region of theA matrix. Only
aZ-A matrix and its projection on the mass axis for calciumin the case of the calcium isotopes, due to the larger intensity
isotopes. One clearly sees the population of transfer channetd the elastic peak, has a multi-Gaussian fit of the mass dis-
up to the pickup of six neutrons and the stripping of sixtribution been used to derive the total counts of the neutron
protons, with the presence of numerous charge exchangack-up channels. The mass resolution was anyhow high
channels. A few events of seven and eight neutron pickugnough to allow a clean separation of all the channels, in-
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ton, a drift toward isotopes whose population should involve

) E T T T T T T E| 1 ) E T T T T E
- 0 ° neutron stripping channels. This is somewhat surprising
3 e "% ] C . ] since from a simpleQ-value analysis one expects for this
E 10 b . Jiwook . . i system only proton stripping and neutron pickup channels.
S F "] . We notice also that the magnitude of the drift increases with
3 [ =2p+in N [ =2p+2n + . the number of transferred protons.
) L . . . \ \ The experimental results are analyzed with the formalism
, ] of Refs.[5,6] which, to our knowledge, is the only one that
0310 g allows a direct comparison with the full body of our data.
3 f s, 1 0t e 3 Since the theory provides estimates for the excitation energy
£ o f . . T . » . ] of the outgoing fragments it is possible to take into account
c0OF .30 ¢ . 3 the changes in the primary formation rates due to cooling off
3 F ] F »] by particle emissiofi8]. At this stage only neutron evapora-
S [ cleth ] [ et ] tion is considered.
R 1 The values of the cross sections for the different exit
10— ———— channels depend on the strength of average form factors for
- E ] C ] the one-nucleon transfer channels and on the single-particle
2 i 110 L . densities in projectile and target. The values of these quanti-
EolL »""a i E """ ] ties are not very well known and estimates exist only for
5 3 o 3 C . ] single-particle states close to the Fermi surfgg®,14. To
L E - b | -2 .| obtain the results reported here the strength of the form fac-
YT 10’ E 7 tor for proton stripping and neutron pickup channels was
increased by a factor of 2 with respect to the standard pa-
LY E T T T T3 L L L rametrization[14]. The nuclear density parameter has been
s F 1 F - adjusted to values of 7 MeW! and 6 MeV ! for neutrons
E e te 110 k . ® 3 and protons, respectively. The histograms shown in Fig. 3
- 10 E 3 . * ] (full line) display the predicted yields following evaporation.
3 o * ] C . ] We also displaydashed linesthe primary production yields.
° [ *h il . The comparison between the two calculations indicates that
10° P S S E s ] neutron emission from the primary fragments plays an im-

60 70 9°° (°°)‘°° W 60 70 80 80 100 0  portant role in the understanding of the observed population
Lag (deg- 814p (deg) of the lighter isotopes.
For the pure neutron-transfer chanfitle frame with the
FIG. 2. Angular distributions in the laboratory system for the Op labe) one sees that the theoretical calculations reproduce
indigated channels. We not!ce the slight channel dependence of ”lfuite well the population rates of the different calcium iso-
maximum of the cross sections. topes. The cross sections drop by a factor3.5 per each
additional neutron, a value similar to that reported in Ref.
cluding at backward angles where the energy resolution gerf4]. A good agreement is also observed for the isotope dis-
erally worsens. Taking into account the monitor and theyributions of other nuclear charges down to th&p chan-
spectrometer solid anglds/hose ratio has been further de- pel. Beyond that, a discrepancy starts to build up on the
termined with anx source placed at the target positioand  neutron stripping side of the distributions.
the efficiency of the two MCP’¢which was= 90%, inde- In Fig. 4 we show—for the scattering angle
pendent of the nuclear charge of the detected)jaaissolute ¢, = 75°—the experimental energy-loss distributions for
cross sections have been deduced and are discussed in Hiine representative channels. These are constructed assum-
following section. ing binary reaction kinematics. As was found in other experi-
ments (see, e.g[15], and references therginwhen more
nucleons are transferred the centroids of the spectra move to
higher excitation energies, but the average shift per trans-
The angular distributions for some representative chanferred nucleon gets smaller. In addition, the ground state
nels are shown in Fig. 2. They are generally bell shapedpopulation accounts for only a minor fraction of the total
peaking at the grazing angl®,{,=75°) with a small depen- flux, a feature already observed[i]. With the exception of
dence on the channel. They have an average angular widthfew channels, the centroids and the shape of the spectra are
A 6,,=25°. The total cross sections have been obtained byuite well reproduced by the theory.
integrating the angular distributions via a quasi-Gaussian fit. In connection with Fig. 3 we already noticed that—as one
The fit procedure introduces an error of 5-10 % in the finaimoves away from*®Ca in the proton stripping direction—
values of the cross sections, mainly due to the extrapolatiothere is a smooth drift of the distributions towards lighter
at forward angles. isotopes, which is not described by the calculations. Since
In Fig. 3 we show th&-value- and angle-integrated cross neutron stripping is strongly suppressed these deviations
sections for the different channels. Each plot is the isotopeould be related to a poor estimate of the evaporation rate
distribution for a particular proton stripping channel. Noticethat follows nucleon transfer. Although a more accurate
that the data show, after the stripping of more than one protreatment of this effect might reduce the discrepancies, these

IIl. RESULTS AND ANALYSIS
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FIG. 3. Experimentalpointy and calculatedhistograms total integrated cross sections for the transfer products. Experimental errors
take into account statistics and systematic errors coming from monitor and spectrometer solid angle determination, beam focusing, integra-
tion of the mass and charge spectra, and integration of the angular distributions. The dashed lines represent the cross section for the primary
yields; this has been shown to illustrate the importance of neutron evaporation.
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FIG. 4. Experimenta(histogram$ and calculatedlines) energy-loss distributions. The experimental cross section gscddéMeV) has
been obtained by normalizing each distribution to its total integrated cross section.
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may also indicate the need of including in the formalismhowever, a drift towards neutron stripping which is not well
degrees of freedom other than the single-particle transfereproduced by the formalism used here. This might be due to
channels, for instance, the transfer of correlated proton and stronger neutron evaporation from the primary fragments
neutron pairs or even-transfer channels. A quantitative es- or to the presence of more complex transfer channels. A
timate of the effect of these cluster-transfer channels on theomplete investigation of these mechanisms is very impor-
population of the different charge and mass partitions is nofant for a general understanding of the many interesting ef-
available at the moment. Although discussed in another corfects which show up at energies close to the Coulomb barrier
text, coupling to anx-transfer channel seems to be necessarynd calls for a broad, systematic study with other suitable
for reproducing in some instances sub-barrier fusion crosgrojectile/target combinations; experiments with “4Ca

sectiong 16] and elastic scattering dafa7]. beam on the same targé#’Sn are in progress. With that
projectile, nuclei are predicted to be symmetrically populated
IV. CONCLUSIONS along the stripping and pickup directions for both neutrons

Gand protong 8] and a comparison among the two systems
should help elucidate the role played by the two mechanisms
entioned before.

In conclusion, we have measured with high efficiency an
resolution a large variety of transfer channels in the syste
4%Ca + '?%3n. Cross sections and energy-loss distributions
show a quite satisfactory agreement with calculations for the We gratefully thank A. Dal Bello for his skillful technical
transfer of few nucleons. The experimental population of nusupport, and A. Facco and F. Scarpa for the preparation of
clei involving a large number of transferred nucleons showsthe calcium sample for the ion source.
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