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Abstract. In this talk | will discuss transfer reactions between heavy ions with special empha-
sis to multinucleon transfer. | will use a semi-classical model that incorporates, in an independent
description, both inelastic excitation to collective states and one-particle transfer channels. The im-
portance of evaporation in determining the isotope distribution of the final yields of the reaction will
be discussed.
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1. Introduction

The outstanding characteristic of heavy ion collisions at energy close, and even below, the
Coulomb barrier is the interplay between several channels (or if you prefer several degrees
of freedom). The coupling among these degrees of freedom results in important multi-step
contributions to some specific channels. The number of channels (degrees of freedom)
involved in a given situation depend upon the chosen representation. We invoke the stan-
dard degrees of freedom corresponding to the separated ions, viz., collective variables and
single particle states. In this way we can calculate the yields for those channels that can be
accessed by the experiments.

One has to keep in mind that in special situations the number of channels one has to
include in the calculation may be very large so that they cannot be treated explicitly. In
such a situation a macroscopic description that involves the degrees of freedom of the
combined system (neck, neutron flow,...) may be more appropriate. One has however to
keep in mind that in this macroscopic description, one misses the asymptotic channels so
that one can only describe inclusive experiments.

The presence of multi-step contributions to specific reaction channel shows itself in
several cases: elastic scattering via the polarization potential, inelastic scattering via the
energy dependence of the form-factors, fusion enhancement, multiple particle transfer. In
this talk | will be mostly concerned with single particle degrees of freedom, in particular
| will discuss patrticle transfer reactions with special attention to the multinucleon transfer
channels. In doing so | will make use of a model GRAZING [1-4] developed, over many
years, at the Niels Bohr Institute (Copenhagen) and that has been used very successfully
in the description of grazing reactions. In particular one has been able to elucidate the
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importance of one-particle transfer channels in the imaginary part of the optical potential
[5,6] and also in the polarization potential [7].

This talk will be organized as follows, | will introduce first a very brief summary of the
theoretical concepts avoiding all the technical details but just listing the different ingredi-
ents that define it, then | will concentrate on the comparison with the data. These were
taken at the Laboratori Nazionali di Legnaro (Italy), with a new time-of-flight spectrome-
ter with good mass and charge resolution that allowed the identification of the individual
nuclei produced in the reactions. And then | will discuss the importance of the evaporation
in determining the final yields of the different isotopes produced in the collision.

2. The theory

In the semiclassical description of grazing reactions one uses a basis that is a product of
the eigenstates of the two separated ions. The relative motion is treated classically and the
time dependence amplitude of the product eigenstates; = 1°(&,)y 2 (¢g) is given by

the following system of coupled equations

ihés(t) = S (BI(Vy — Uy)|y)es (1)l Ba—Bt/n )

Y

that has to be solved with the initial conditiop = d,3, a being the entrance channels.

The potentialU,, is the expectation value of the interaction (i.e. the folding potential

in the appropriate channel) and determines the classical trajectory along which the two
ions move (for more details cfr. [8]). The quantilys, = Es — E., defines th&)-value

of the transition. To calculate the physical observable one has to solve the above system
of coupled equations for each impact paramgtand to use the familiar formulae of the
semiclassical approximation.

In an heavy ion reaction beside the excitation of few inelastic collective modes one
should include also the transfer channels namely the stripping and pick-up of neutrons
and protons. Since we want to deal with the transfer of many nucleons we must rely
on multistep transition. In this case the number of channels becomes immediately very
large so that the direct solution of eq. (1) becomes impossible. We must thus resort to a
simplified solution.

We are interested, for all impact parameters, to know the probability

P(E;, My Noy Zay ) = (U(8)|(0(Ea — Ha)S(Eq — Ha),---[2(8)  (2)

to have a final state with products of mass= N; + Z;, excitation energy; and angular
momentum/; (i = a, A). Following refs [1-3] the calculation of the above probability is
done by introducing the characteristic function

Z(Bay Ba,- ) = (B (t)]e!HaBet HaBa) o g (1)) (3)

once this function is calculated the above probabilities are obtained via Fourier transforms.

The single particle operators that enter in the definition of the probability introduced
above are the intrinsic Hamiltoniai;, the intrinsic angular momentud¥; the numbers
operatorsZVi for neutrons and’; protons. In term of the usual creation operators, for the
projectile system, they are defined
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ﬁa = Z eia;rai + Z hwna;rlan,

i=m,v n
Ma = Z mia;»rai + Zunailan,
i=m,v n
Ny =Y dla,
i=v
Zo = dla, 4
=7

with ¢ we have indicated the single-particle quantum number of energnd withn the
guantum number of the collective modes of endigy,. Similar expressions hold for the
target system.

The quantity ¥ (¢)) is the time dependent state vector of the system. It may be calculated
from the expression:

|T(t)) = Texp{ - % /too f/“(t’)dt’}|0>, (5)

where|0) is the entrance channél,is the time ordering operator afid (t) is the coupling
term written in the interaction representation.

To be able to calculate the characteristic function I still have to introduce the interaction
that governs the exchange of mass and charge between the two ions and the exchange
of energy and angular momentum from the relative motion to the intrinsic states. This
interaction term has two components, one responsible for the exchange of mass and charge
and a second responsible for the excitation of the collective states. We thus write

Voz = ‘251“ + ‘7in; (6)
where
Vin = Z () (af et + a,e™™nt) + (target system). (7)
n

f™(r) is the collective form factors, proportional to the derivative of the ion—ion potential,
for the excitation of the collective state with energy,, and quantum number. The
interaction responsible for the transfer of particles may be written as

V=D [f”'<r)a}aiei/h“€f—“>t> + [ (r)afazet/ M=) (8)

4,3

wheref (r) are the single particle form factors for stripping from the single particle state
in the projectile to the single particjein the target and wherg/i (r) are the corresponding
form factors for pick-up reactions [5,8]. Of course they are function of the relative distance
r and of the momentum transfer. The sum has to be extended over all neutrons and protons
single particle states.

With the definition of all the operators, one is in a condition, with standard technique, to
calculate the characteristic function and thus the probabilities of eq. (2), for more details
cfr. [2, 3].
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Summarizing, in this model the collision between two heavy ions has been reduced to
the study of the redistribution in time of nucleons among two single particle density distri-
butions that move along classical trajectories. This approximation is justified, a posteriori,
by the fact that the change in population of the different single particle states in projectile
and target is quite small. At last | want here to remind that the outcome of the reaction
is determined by the well known form factors for one-particle transfer and the excitation
of collective states, from the actual binding energies of the two nuclei and by the average
single particle level density. The actual values of the cross sections for the different chan-
nels are determined by the width of tfevalue windows that is centered at the optimum
Q-value.

3. Comparison with the data

In the last few years at the Laboratori Nazionali di Legnaro (INFN Italy) a systematic
study of transfer reactions has been undertaken in the hope to elucidate the importance of
transfer degrees of freedom in the enhancement of fusion below the Coulomb barrier and in
understanding the transition from the quasi-elastic to the deep-inelastic regimes. With this
perspective in mind a new ‘time of flight spectrometer’ (PISOLO) [15] has been built with
a mass and charge resolution such that all the individual fragments produced in the reaction
could be identified. The acceptance of the spectrometer is quite large so that very weak
channels and accurate angular distributions and excitation functions can be measured.

Let me start with the last measurement concerningting + 232U collision at a bom-
barding energy of 390 MeV where transitions up to 6 protons and 6 neutrons have been
clearly identified [9]. To have an overview of the results, figure 1 shows the total cross sec-
tions, obtained after integration of the angular @adalue distributions for all the channels
where statistics is reasonable together with calculations.

First of all let me remark how well theory reproduces the data for pure neutron transfer
channels demonstrating the correct treatment of neutron trafpjesr{ the basis of inde-
pendent single neutron transfer modes (cfr. also ref. [10,11]). Also well predicted are
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Figure 1. Experimental (points) and calculated (histograms) angle-(g«wvadlue inte-
grated cross sections for the indicated transfer products.
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Figure 2. Experimental (points) and calculated (histograms) angle-(g«vadlue inte-
grated cross sections for the indicated transfer products.

the isotope distributions for the-(lp) case, but, as one moves along the proton stripping
direction, one sees that the theory under predicts the population of the light isotopes de-
spite maintaining a good agreement in the neutron pick-up side (heavy isotopes). These
discrepancies become more and more evident moving toward channels with more trans-
ferred protons. Always from figure 1 one notices that for-t2®, —4p and—6p channels

the maxima of the isotope distribution peak at channels corresponding to the transfer of
—2n, —4n and—6n pointing to a possible evidence of multipletransfer channels. This

is however not the case since no odd-even staggering is present in the data, the isotope dis-
tributions evolve, as a function of the number of transferred protons, in a very smooth and
regular way suggesting that also the protons behave as independent objects in the transfer
process.

Very similar results were observed in other reaction [12—14], here | show just the isotope
distribution for the*°Ca +24Sn collision at a bombarding energy of 186 MeV [12]. From
figure 2, one can draw the same consideration as discussed f3¢ thease.

The theory, outlined above, not only allows the calculation of inclusive isotope distribu-
tions but also the calculation of angular distributions and excitation energy spectra. In fig-
ure 3, in comparison with the data, are shown the angular distribution of several channels.
The continuous line corresponds to the calculation performed with the program GRAZ-
ING [4]. The agreement is quite good in all the angular range. When many nucleons are
transferred the theory under predicts the cross section at forward angle where contributions
from more complicated reactions (deep-inelastic) may be important. The theory is notin a
condition to calculate the angular distribution of channels with neutron stripping. As it is
well known for stable nuclei the only open channels are proton stripping and neutron pick-
up since the other, neutron stripping and proton pick-up, are strongly hindered by optimum
(-value considerations. One is thus led to conclude that these channels are populated in
the experiment by more complicated processes (see below).

At last, let me show in figure 4 for some selected channels the total kinetic energy loss
(TKEL) spectra. As it is apparent, the theory gives a good description for the average
energy-loss but has the tendency to underestimate the long tail of the distributions. It is
important also to notice that the transfer processes populate channels at high excitation
energy. This, via evaporation, may influence the final yields of the fragment distributions.
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Figure 3. Experimental (points) and theoretical (lin€gjvalue integrated angular dis-
tributions for the indicated transfer channels.
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Figure 4. Experimental (histograms) and theoretical (lines) total kinetic energy loss
(TKEL) distributions for the indicated transfer channels.
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4. Neutron evaporation

To get a deeper insight into the behavior of the experimental yields in figure 5 we plot,
again, the total cross sections for tHéi + 238U, this time not as a function of the mass
number (as in figure 1) but as a function of the number of transferred pratofis (In

the left-hand side we display the cross sections involving neutron pick-up while in the
right-hand side the ones involving neutron stripping (notice that the neutron stripping side
reaches the-6p while the neutron pick-up side stop atlp). As it is apparent from

this kind of plot the neutron pick-up and neutron stripping reactions have a very different
behavior. The neutron pick-up decrease in a very smooth way as the number of transferred
protons increase, while neutron stripping reactions have a maxima when the number of
transferred protons is almost equal to the number of transferred neutrons. This is a clear
indication that the two kinds of reactions are populated by different mechanism. While
the neutron pick-up side indicates a direct population in terms of independent transfer of
neutrons (pick-up) and protons (stripping) the neutron stripping side shows that the yield
of these reactions have to depend on more complicated mechanism.

From optimum@-value arguments one knows that neutron stripping reactions are
strongly hindered in collisions among stable nuclei so the channels involving neutron strip-
ping cannot be populated via this mechanism. The first alternative mechanism that came in
mind is the neutron evaporation (we know from figure 4 that transfer reactions populate
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Figure 5. Experimental total cross sections as a function of the number of transferred
protonsAZ for channels involving neutron pick-up (left side) and neutron stripping
(right side). To guide the eye we connected, with a dash line, the different proton trans-
fer channels corresponding to the equal number of neutron. The symbol with no label
corresponds to th@) channels. The full line is a Poisson distribution, normalized to
the data. The point close to this line are obtained by adding to each pure proton transfer
(0n) channels all those corresponding to neutron stripping.
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Figure 6. Experimental total cross sections as a function of the number of transferred
protonsAZ for channels involving neutron pick-up (left side) and neutron stripping
(right side) for the indicated reactions. Cfr. figure 5 for more details.

predominantly at highest excitation energy and we remind that in the experiment only the
light fragment is identified). It is thus tempting to add, for eacHh, the cross section of
all the neutron stripping channels. In doing so one obtains the points labelled with stars on
the left-hand side of figure 5.

These can be nicely fitted (full line) with a Poisson distribution defined by an average
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number of 2. Since the Poisson distribution describes the transfer of independent modes, it
is clear that this finding points into the direction that also protons are transferred indepen-
dently.

It is clear that if evaporation influences the isotope distribution this must be a common
feature of the multinucleon transfer reactions. We thus apply the same reasoning to all
the reactions for which multinucleon transfer reactions have been measured. In figure 6
we display for the indicated reaction the isotope distribution. In all cases the cross section
obtained by adding to the puredp channels all the one involving neutron stripping are
all nicely fitted by Poisson distribution with an average number ranging 1.8 fdta +
907r to 2.2 for the*®Ca +'24Sn reactions. Itis quite likely that this systematic behavior of
the inclusive cross section indicate that also protons behave like independent particle in a
transfer process.

5. Conclusion

In this talk | discussed transfer reaction among heavy ions. | hope | convince you that the
main features of these reactions can be understood in term of independent single particle
transfer. | also discussed the importance of neutron evaporation in determining the final
isotope distribution.
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