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We discuss some of the main features emerging from recent studies on multinucleon
transfer reactions at energies close to the Coulomb barrier. The possible effects of pair
modes are analyzed in inclusive measurements of **Ni + 2°Pb and °Ca + 2°®Pb systems.
New possibilities offered by using the large solid angle spectrometer PRISMA are outlined.

§1. Introduction

Quasi-elastic and deep inelastic processes have been traditionally studied in dif-
ferent ways, both theoretically and experimentally.)) From the theoretical point
of view, in the quasi-elastic regime (i.e. few transferred nucleons and small en-
ergy losses) one or, at most, two-nucleon transfer has been treated using DWBA or
Coupled Channel codes, while in the deep inelastic regime (i.e. many transferred
nucleons and large energy losses) stochastic, friction or diffusion models have been
used. From the experimental point of view, nuclei produced in transfer reactions
have been identified with good mass A, nuclear charge Z and energy resolutions for
medium-light systems, but channel detection was limited to the transfer of very few
nucleons. For medium-heavy systems, mainly studied in deep-inelastic processes,
the transfer of several nucleons becomes available in the reaction but, at best, Z
identification was possible without A or energy resolution.

It was not until very recently that, thanks to the development of efficient spec-
trometers, one could identify with high resolution multinucleon transfer channels
populated in heavy-ion reactions up to the pick-up and stripping of several neutrons
and protons.23)  Advances in theoretical calculations®):®) allowed also to quanti-
tatively study how degrees of freedom of different complexity act in the transfer
process. This “transition” regime, where many nucleons are transferred and where
shell effects still play a significant role in the dynamics, represents a window not well
studied in its detail and where it is interesting to investigate the interplay between
single nucleon and pair transfer modes and their dynamical effects as a function of
energy loss, angular momentum and number of transferred nucleons. The under-
standing of these processes is important in view of future research to be done with
radioactive beams,”-% since one expects for instance a very different behaviour of
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nucleon correlation effects for neutron-rich nuclei. Multinucleon transfer processes
are also recognized to be a competitive tool for the production of neutron-rich nuclei,
at least for certain mass regions.”) In this contribution examples of recent studies
performed with time-of-flight and magnetic spectrometers are discussed.

§2. Measurements with the time-of-flight spectrometer PISOLO

The time-of-flight magnetic spectrometer PISOLO,%)8) installed at LNL, has
been especially designed to combine a high efficiency (~ 3 msr) and high A and
Z resolution (AA/A ~ 1/100 and AZ/Z ~ 1/60, respectively) for heavy ions with
A < 100 produced in binary reactions at energies down to ~ 1 MeV/amu. One of
the main achievements of the studies performed with PISOLO was the unambiguous
identification in several systems of channels corresponding to the pick-up of up to six-
eight neutrons and the stripping of six-eight protons. The variety of channels which
could be observed allowed to follow in a systematic way the population pattern of
the reaction products in the Z-A plane.

2.1. Inclusive cross sections: the 58 Ni+2"8 Pb system

The 58Ni42%Pb systemg) has @-value matching conditions close to optimum up
to several neutron pick-up and proton stripping channels. It represents therefore a
suitable case to investigate the mass and charge distributions of the multinucleon
transfer products. A °®Ni beam was accelerated onto a ?°®Pb target at the energy
of Erap = 328.4 MeV with the Tandem+ALPI booster of LNL. Light reaction
products were identified with PISOLO, while the associated heavy partners were
detected in kinematic coincidence using a transmission-type multiwire parallel-plate
avalanche counter. The detection of the heavy partner (which will not be discussed
here) gives important information on how the same transfer mechanism behaves in
the production of high Z heavy nuclei.? 1)

In Fig. 1 are shown the total angle- and Q-value integrated cross sections for
pure neutron pick-up and pure proton stripping channels. The experimental data
show a quite regular drop of the cross sections as a function of the number of trans-
ferred nucleons, indicating that the transfer mechanism likely proceeds as a sequence
of independent particle modes. The data are compared with calculations performed
with the semiclassical Complex WKB (CWKB) model, described in Ref. 12). The
model was first developed to deal with one-particle transfer and later generalised
to compute cross sections of multi-nucleon transfer channels via a sequence of sin-
gle nucleons and of pair modes. The model is well suited for the study of transfer
reactions at Coulomb barrier energies and was already successfully used in the com-
parison with experimental data for various systems (see Refs. 3),9) and references
therein).

In the CWKB approximation the cross section for the transfer from the single-
particle state a; = (n4,1;, j;) to the single-particle state ay = (nys,l¢,j¢), belonging
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Fig. 1. Total cross sections for pure proton stripping (left side) and pure neutron pick-up (right
side) channels. The dotted line is the CWKB calculation including single nucleon transfer
modes. The dashed line represents the result with an additional two-proton pair mode and the
solid line includes also the effect of nucleon evaporation from the primary fragments. For the
pure neutron transfer no pair transfer was included and the cross section represented by the
dashed and the dashed-dotted lines (not shown) are very close to the full line.

to different nuclei, may be written as

)., e (i), )

where the sum has to be extended over all the allowed angular momentum transfer

A. The quantity V?(a;) represents the probability that the single-particle orbital is

occupied, while the quantity U?(a f)=1- V2(a ) is the corresponding probability

that the orbital is empty. V2 and U? are directly related to the spectroscopic factors.
The transfer cross section for each A transfer may be written as

(55), - 2| Eaono

where x; and s are the asymptotic wave numbers in the entrance and exit channel
respectively, ciftai (¢) is the semiclassical amplitude for the transition from the initial
state a; to the final state ay for the partial wave £, and fy(6) is the elastic scattering
amplitude for the same partial wave £.

The transfer amplitude c(j\j:ai (¢), in first order Born approximation and in the

2
, (2-2)

low-recoil limit,*) %) is given by
asa; m T sasa £ [(AB—Qopr+A)t—hugh (1)
I () = 47Th2D (o 2,0) R () v . (2:3)

In the above expression f:\l ra (r(t)) is the single particle formfactor for the transition
from the single-particle state a; to the single-particle state ay, Q¢ is the optimum Q-
value, and the quantity A takes into account the mismatch between the entrance and

$202 YoJe|\ 0z uo 1senb Aq gy y81L/0EL #S L SdLd/SY L L 0L/1op/e|oie/sdid/woo dnoojwepeoe//:sdiy wolj pepeojumod



Multinucleon Transfer Reactions Studied with Magnetic Spectrometers 133

exit channel trajectories. The time integral has to be performed along the classical
trajectory associated to the partial wave £. The semiclassical amplitudes ciiai (¢) are
evaluated in the CWKB approximation by utilizing the single-particle formfactors of
Refs. 13),14) to which we refer for details. With the above expression of the transfer
amplitude one can construct the probability to generate a given charge transfer AZ,
mass transfer AM, excitation energy and angular momentum of light and heavy
partners produced in multinucleon transfer reactions, according to a Montecarlo
procedure.?)

With the dotted line of Fig. 1 we show the calculations made treating the transfer
in a successive approximation considering all the transitions as independent. A
good agreement between data and theory is obtained for the case of pure neutrons
and for channels involving the stripping of one proton. However, as more protons
are transferred the calculations are not able to follow the trend of the data. The
discrepancies indicate that degrees of freedom beyond single-particle transfer modes
have to be incorporated in the theory, or that more complex processes, i.e. deep
inelastic components, play an important role. A new degree of freedom was then
added into theory, namely the transfer of a pair of protons. Fixing the strength
of the macroscopic formfactor'® to reproduce the pure —2p channel we obtain the
results shown with the dashed line. We see that once the yield of the —2p channel
is reproduced, the predictions for the other charge transfer channels are also much
better indicating that the proton pair mode may be an important degree of freedom
in the transfer process. Why this mode seems to be required only for proton channels
is presently not clear. However, its treatment is only at a phenomenological level
due to the well known difficulties to relate microscopically its strength to the pair
correlations in target and in projectile (both enter in the definition of the form
factor).

In the experimental spectra of the multinucleon transfer channels large energy
losses show-up, therefore the final yield can be considerably altered by evaporation.
To estimate the effect of the evaporation on the fragment distribution, we first ex-
tracted the excitation energy and final angular momenta of the different light (and
heavy) products from the CWKB model. These values, for each Z and A, were then
used as inputs in the evaporation code PACE2,'9) that provides the final mass and
charge partitions computing the evaporation of nucleons according to the statistical
model. Using the default parameters of PACE2, the final cross sections obtained for
the light fragments are shown as a full line in Fig. 1.

2.2. Q-value distributions: the 0 Ca+2"Pb system

Further interesting inputs for understanding the role played by pair mode degrees
of freedom in the transfer process are coming from the study of °Ca+208Pb,'") where
both projectile and target are double closed shell nuclei and therefore provide an
excellent opportunity for a quantitative comparison with theoretical model. A 4°Ca
beam was accelerated onto a 2°®Pb target at several bombarding energies close to the
Coulomb barrier, i.e. i, = 250, 236 and 225 MeV, and detection of light products,
similarly to the previous experiment, was done with PISOLO. Taking into account
the intrinsic resolution of the detector, target thickness, and the kinematic energy
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Fig. 2. In (a) the angle and Q-value integrated cross sections of the pure neutron pick-up channels
for the °Ca+2°®Pb reaction at El, = 236 MeV (dots) are shown as a function of the mass
number together with the theoretical (CWKB) prediction (histogram). The curve corresponds
to a poissonian distribution with an average number of transferred particles (n) = 1.1. In the
other frames the Q-value integrated angular distributions for the quasi-elastic (qe), one-neutron
(+1n) and two-neutron (+2n) pick-up channels (dots) are shown together with the theoretical
calculation (curves).

shift the obtained energy resolution was ~ 2 MeV. We focus the discussion on pure
neutron transfer channels. In Fig. 2 we show the experimental total cross sections
and the differential cross sections for the quasi-elastic and +1n and +2n channels,
at Fla, = 236 MeV, together with the CWKB theory. Again, the integrated cross
sections decrease smoothly as a function of the number of transferred nucleons,
without any clear odd-even staggering, in agreement with a poissonian distribution,
with an average number of transferred neutrons (n) = 1.1. From the observed
behavior of the inclusive total cross sections alone it is difficult to draw unambiguous
conclusions on the role played by a pair transfer mode.

Figure 3 shows the total kinetic energy loss distributions at the three bombarding
energies for the two neutron pick-up channel together with the CWKB calculations.
As can be appreciated, the two neutron pick-up channel displays a well defined
maximum which, within the present energy resolution, is consistent with a dominant
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population, not of the ground state of 42Ca, but of the excitation region around 6
MeV (see below and Refs. 18),19)). All measured energies show the same behavior
and as the beam energy decreases the distributions become narrower, the large energy
loss tail tends to disappear, and the centroids slightly shift to lower energies reflecting
the energy dependence of the optimum @-value. Both features are well reproduced
by the theoretical calculations indicating that the used single particle levels cover
the full Q-value ranges spanned by the reaction.
We remind that systematic stud-
ies of (p,t) and (t,p) reactions lead to
identify the calcium region as the only
known where the cross sections for the
population of the excited 0T states are =0 I
larger than the ground state. In most
Ca isotopes the excited 0T strength is 0
concentrated in one state only. Those
states have been recognised as multi
(additional and removal) pair-phonon
states.2?) Nuclear structure and reac-
tion dynamics studies attribute this be-
havior to the influence of the p3 orbital
that gives a much larger contribution w w w
to the two-nucleon transfer cross section 40 uoi Fras™ 225 MeV |
than the f7/, orbital, which dominates &
the ground state wave function. Refer- 20 g
ring to Fig. 3, the final population of the
single particle levels used in the CWKB o \ \ - .
theory suggests that the maxima are e ° 0 =0 %
, . TKEL (MeV)
essentially due to two neutrons in the
p3/2 orbital, i.e to the excited 07 states Fig. 3. Experimental (histograms) and theo-
at around 6 MeV of excitation energy retical (curves) total kinetic energy loss dis-
. . tributions of the two neutron pick-up chan-
that were interpreted as corresponding

h . brati 1 d If nel at the indicated energies. The arrows
to the pair vibrational mode. 80, correspond to the energies of 0" states in

T T T
o* Ep,p= 250 MeV |

40
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w0 L Epap= 236 MeV |
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these results show that, at least in suit- 1205 with an excitation energy lower than

able cases, one can selectively populate 7 MeV. The group of states at 5.87 (collect-

specific Q-value ranges even in heavy- ing most of the strength), 6.02, 6.51 and

ion collisions, opening the possibility to 6.70 MeV l‘é‘gefge)smongly populated in (t,p)
reactions. ™"

study multi pair-phonon excitations.

In order to pursue these studies in
a more quantitative way it would be important to distinguish the population to
specific nuclear states and to determine the decay pattern of the populated levels
since this carries information on their wavefunction components and therefore also on
the pairing correlation. Experiments in this direction must exploit the full capability
of spectrometers with solid angles much higher than the conventional ones, and with
A, Z, and energy resolutions sufficient to deal also with heavier mass ions.
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§3. Measurements with the magnetic spectrometer PRISMA

PRISMA is a new magnetic spectrometer?!) recently installed at LNL and de-
signed for the A = 100200, F = 5-10 MeV /amu heavy-ion beams of the accelerator
complex of LNL. Briefly, PRISMA consists of a quadrupole singlet and a dipole. Its
main features are large solid angle 80 msr, wide momentum acceptance +10%, mass
resolution 1/300 via time-of-flight and energy resolution up to 1/1000. The large
segmented ionization chamber (IC) at the focal plane has a multianode structure
providing multiple AF and Eiy signals. A multiwire parallel plate detector array is
placed upstream of the IC, consisting of 10 equal detector sections, and providing
X,Y and timing signals. The entrance detector, installed between the target and the
quadrupole magnet, is based on Micro-Channel Plates, and gives timing and X,Y
position signals.

3.1. First results

The first experiments on heavy-ions
grazing collisions were performed re-

Zp stripping, 2n pick-up

r—————— "u cently. The goals of the experiments
215 He¥ “Tr+'“Em were to investigate the population of
B 20" neutron-rich nuclei in the A = 50-60

mass region by means of multinucleon
transfer reactions, and to study the dy-
namics of such transfer processes. We

vl l .— used %4Cr, %Fe and %‘Ni projectiles on
' g r

T

neutron-rich targets like '?4Sn, at in-
cident energies close to the Coulomb
barrier. Angular distributions of the
transfer reactions and of quasi-elastic
scattering were measured in an angu-

Ny

Fig. 4. A/q spectrum of titanium isotopes ob-

tained in the indicated reaction. The lar range around the grazing angle, in
shaded peaks correspond to °*Ti nu- order to identify multinucleon transfer
clei (—2p+2n channel) with two different channels populated with small cross sec-
atomic charge states ¢ selected by the spec- tions. Very good A and Z resolu-
trometer. tions were reached (AA/A = 1/280 rou-

tinely). The spectrum in Fig. 4 is ob-
tained by selecting Z = 22 events in the IC, and various titanium isotopes are
identified.

PRISMA with its characteristics offers interesting possibilities to study the pop-
ulation of multi-pair phonon states in heavy-ion collisions. Examples of suitable
candidates, besides the region around Ca isotopes discussed in the previous sec-
tion, are the nuclei in the Sr-Zr region, which can be populated in reactions like
90,967, 4 208PY,. Zr isotopes, in particular, span a range from spherical to highly de-
formed shapes and it would be therefore interesting to investigate into detail the
change of the population strength and decay pattern properties of specific levels
populated via multinucleon transfer mechanism. These difficult experiments will
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benefit from the use of the large y-array CLARA,??) recently installed close to the
target point and consisting of an array of 25 Clover detectors from the Euroball
collaboration. With the PRISMA+CLARA set-up, more in general, one can study
the nuclear structure of moderately neutron-rich nuclei, populated at relatively high
angular momentum, by means of binary reactions.

§4. Summary

In recent inclusive studies of **Ni+2%8Pb and %°Ca+2%®Pb multinucleon transfer
reactions important features of the transfer process were identified. By comparing
data with CWKB calculations we found a different behaviour of proton vs neutron
transfer, which is presently not understood. For protons theory calculates well the
total cross sections including degrees of freedom of increasing complexity, however
it is still a challenge to compute the pair mode on a microscopic basis. A selective
population of Q-values in #2Ca has been identified and it is suggested to be due to the
pair mode excitations. Multinucleon transfer reactions, and in particular the study
of pair vibrational/rotational modes, will benefit from the use of the high resolution
and high efficiency magnetic spectrometer PRISMA, coupled to the CLARA ~ array.
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