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Abstract

With the large solid angle magnetic spectrometer PRISMAptaxlito they
array CLARA extensive investigations have been carriedautuclear struc-
ture and reaction dynamics. In the present paper aspediesd# studies will
be presented, focusing more closely on the reaction mesmaim particular
on the properties of quasi-elastic and deep-inelasticgss®s and on measure-
ments at energies far below the Coulomb barrier.

1 Introduction

Multinucleon transfer reactions at Coulomb barrier eresgs an important field of research in low
energy heavy-ion physics [1]. Through this mechanism ondrtéact investigate nucleon-nucleon cor-
relation in nuclei, the transition from the quasi-elasticiie deep-inelastic regime and channel coupling
effects in sub-barrier fusion reactions. Different aspaiftthe correlation between reaction channels
have been extensively discussed at the recent FusionOéd2fasion08 [3] conferences. An important
and still poorly investigated question is what are the @h\degrees of freedom acting in the transfer
process, i.e. single nucleon, pair or even cluster tramsf@ies. Thanks to the development of high
resolution and high efficiency experimental set-up’s, omald recently unambiguously detect in mass
and charge the nuclei produced in transfer reactions upetpittk-up of six neutrons and the stripping
of six protons (see e.g. [4, 5] and references therein). Therd of the last generation large solid angle
magnetic spectrometer PRISMA [6] allowed to increase thedtien limit by more than an order of
magnitude, with a significant gain in mass resolution foyJseavy ions. Further, the coupling of this
spectrometer to the large gamma array CLARA [7] allowed tdgoen gamma-particle coincidences,
thus detecting the transfer strength to the lowest exciteels of binary products and performing gamma
spectroscopy for nuclei moderately far from stability proeld via nucleon transfer or deep-inelastic re-
actions, especially in the neutron-rich region. Theseistuare of primary importance for reactions to be
done with radioactive ion beams, where multinucleon tremkés been shown to be a competitive tool
for the study of neutron-rich nuclei, at least for certairssigegions. In this paper | will focus on specific
aspects of reaction mechanism studies being performedRRUISMA. For the results concerning pure
nuclear structure studies please refer to the contribsifidhto this conference.

2 Elastic scattering

Elastic scattering is important to learn about the (outergfathe nuclear potential and provides essential
information on absorptive effects, to be accounted for mpbed channel calculations. The present set-
up offers the possibility to separate elastic from inetastattering, at least for some nuclei. The pure
elastic scattering can be determined by comparing the eweith and withouty coincidences [9]. As
an example, in the top panel of Fig. 1 are shown the total kireetergy loss (TKEL) spectra féPZr

in the reactior?Zr+2°2Pb with and withouty-coincidence, normalized in the tail (large TKEL) region.
By subtraction, one obtains the contribution of pure etastihis subtracted spectrum is characterized
by a narrow peak centered at TKEL 0 MeV with a FWHM of 2.65 MeV. Moreover, its centroid is
separated by 2.15 MeV from the maximum of the TKEL spectrurroincidence with CLARA, whose
value is very close to the inelastic excitation of the firsttate in°Zr. Such a procedure should be



reliable, provided that the shape of the spectrum in coerweé with~y rays only weakly depends on
the v multiplicity. By repeating this subtraction in steps of aiegree over the entrance angular range
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Fig. 1: Top: Experimental angle integrated total kinetic energgslalistributions (TKEL) for?°Zr in the

907r4-298pPp reaction (a) without coincidence withrays and (b) with at least one ray detected in CLARA.

The two spectra are normalized in such a way that the high Ttgli& match. The gray area corresponds to the

subtraction between the two spectra [(a)-(b)]. Bottom: étkpental (points) and GRAZING calculated (curve)

differential cross section for elastic scattering, noiizeal to Rutherford.

(Ab, = 12°) of PRISMA one obtains the elastic angular distribution sdngatio to Rutherford is shown

in the bottom panel of Fig. 1, in comparison with the resuft&RAZING calculations [10] (see also
next section). The very pronounced fall-off of the elastizss section for large angles clearly indicates
that the elastic scattering for this system is dominatedrdmng absorption. The good agreement between
theory and experiment gives us confidence on the used paltant on the fact that the included reaction
channels correctly describe the depopulation of the ectramannel (absorption). A similar kind of
analysis has been successfully performed for#i@a+*Ni system [11].

3 Total cross sections

Total angle and Q-value integrated cross sections for nautron and multiproton transfer channels
have been investigated in various systems close the Coublanier. Recently, such measurements
have been extended with heavy ions detected in PRISMA, &tante in the reactior’8Zr+2°®Pb and
0ca+%z7r [9,12]. Both projectiles and targets are closed shell #redefore ideal candidates for a
guantitative comparison with theoretical models [13, The observes events corresponding to the pick-
up as well as the (weaker) stripping of neutrons. Isotopatifieation in the proton transfer direction
is visible down to(—8p) stripping, but sensitivity was sufficient to observe everrenaroton stripping
channels. | remind that in the quasi-elastic regime onlyguratripping and neutron pick-up are favourite
from optimum Q-value arguments. Fig. 2 shows as an examplexperimental total cross sections for
the pure neutron pick-up channels #zr+2%Pb and‘’Ca+%Zr systems and the channels involving
the one proton stripping iA°Ca+%Zr. The data are compared with calculations performed with t
semiclassical code GRAZING [10]. The treatment of the timndegrees of freedom is based on the
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Fig. 2: Total cross sections for pure neutron pick-up channelsért@r+2°%Pb reaction. Bottom: Total cross
sections for pure neutron pick-up (right panel) and ondeuratripping (left panel) channels in tHeCa+6Zr
reaction. The points are the experimental data and thegnestes are the GRAZING code calculations (see text).

assumption that in a heavy-ion collision the exchange of@demm proceeds via many open channels
that are all quite weak, so that they may be treated indeptigdéSRAZING treats surface degrees of
freedom and particle transfer on the same footing, the exgahaf many nucleons proceeds via a multi-
step mechanism of single nucleons (both, protons and meyjtkda stripping, and pick-up processes).
The trajectory is calculated by solving the system of ctadséquations for the variables of relative
motion and the deformation parameters for the surface motike model includes the low-lying™2
and 3 states of both projectile and target and the correspondiagt gesonances. This model has
been successfully applied in the description of multinoléransfer reactions and can reproduce the
near-barrier fusion excitation functions [15] and extealcbarrier distributions [16].

Looking at the experimental data of Fig. 2 one finds that tlsssections for the neutron pick-
up drop by almost a constant factor for each transferredoreuas an independent particle mechanism
would suggest. The comparison with calculations suppbitddea, one notices a remarkable agreement
both on the neutron pick-up as well as on the neutron stripgide. One can mention that the pure
proton cross sections behave differently, with the popatadf the -2p channel as strong as the -1p. This
suggests the contribution of processes involving the teard proton pairs in addition to the successive
transfer of single protons. One also oberves that as motenware transferred the average mass shifts
to lower neutron number. This is attributed, at least pattiyhe effect of neutron evaporation from the
primary fragments. This effect of neutron evaporation @sreectly visible from the analysis of Refs. [4,5]
and has been also directly seen with PRISMA+CLARA by mearnsaxs coincidences (see later).

4 Pairing vibrations

Closed-shell systems are well suited for the identificabbstates reached via the addition and/or the
removal of pairs of nucleons. Those states have been studibdight ion reactions and formed the
basis for the identification of pairing vibration degreedreedom in the nuclear medium [17]. With
heavy ions, interesting expectations are coming by lookinthe Q-value distributions of the recently
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Fig. 3: Experimental (histograms) and theoretical (curves) tatadtic energy loss distributions of the two neutron

pick-up channels at the indicated energies. The arrowgspond to the energies of Gtates in*2Ca with an
excitation energy lower than 7 MeV. Bottom panel shows thengjth function S(E) from shell model calculations.
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Fig. 4. v-ray spectrum with expanded region in inlet f8Ca obtained in thé’Cat-2Zr reaction

measured’Ca+"Pb reaction [18]. Fig. 3 shows the TKEL distributions at thbembarding energies
for the two-neutron pick-up channel in comparison with gldtons. As can be appreciated, the two
neutron pick-up channel displays at all measured energieslladefined maximum, which, within the
energy resolution of the experiment, is consistent withmaidant population, not of the ground state of
42Ca, but of states with an excitation energy at around 6 Me¥ ifispection of this population for the
-+2n channel tells us that the maximum of the distributions @poad to the transfer of two neutrons
in the p3/, orbital, we remind that the single particle form-factors flee p;,, orbital is much larger
than the one for th¢; , orbital that constitutes the main configuration of the gbstate of?Ca. The
(p3/2)2 configuration corresponds to the main component of theax¢€lt states at around 5.8 MeV of
excitation energy that were interpreted as multi (add&iand removal) pair-phonon states [17]. The
strong concentration of strength near 6 MeV of peculiastates for*Ca (they must contain thgs » )
configuration) is clearly visible in the bottom part of FigvZhere the strength distribution S(E) coming
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from large scale shell model calculations is shown. Theselteopen, at least in our expectation, the
possibility to study multi pair-phonon excitations.

The PRISMA+CLARA set-up should allow the observation of tleeay pattern of the populated
0t states. In Fig. 4 we show the-spectrum for'2Ca obtained in the reactiofCa+“6zr [9]. We
observe here (see expanded region}taansition at 4340 keV which is consistent with a decay from
a level at 5.8 MeV to the 2 state. The limited statistics accumulated for this tramsi{we remark
that such high energy rays have a low photo-peak efficiency) does not allow to dediie spin of the
populated level, though the distribution over the rings &ARA shows an isotropic pattern but with
very large error-bars. In the expandedgpectrum we also observeydransition of 3230 keV, which is
the main branch of the decay from thé &tate at 4760 keV, strongly populated(inp) reactions.

5 From quasi-elastic to deep-inelastic regime

90Zr+208Pb E=560 MeV PRISMA

100 200 300 100 200 300 100 200 300 100 200 300 100 200 300
Q-value (a.u.)

Fig. 5: TKEL spectra obtained in the reacti8hZr+2°8Pb for the indicated transfer channels. In the top row
are shown the mass distribution associated to the differealear charges, while the circles indicate the spe-
cific masses corresponding to the spectra displayed al@enggper-left/lower-right diagonal. The centroid of the
elastic+inelastic channel corresponds to Q=0. The scaleed-value axis is 1 MeV/channel.

The Z and A identification capability and the large detectidficiency of PRISMA allows to
follow the evolution of the reaction from the quasi elastie.(few nucleon transfer and low TKEL) to
the deep inelastic regime (i.e. many nucleon transfer aige [RKEL). Here, the challenging question
is to what extent the fundamental degrees of freedom (simaiticle, surface and pair modes) used to
describe few nucleon transfer processes, holds in thenwes# large energy losses and/or large number
of nucleons. In Fig. 5| show the TKEL spectra obtained in’th&r+2°Pb reaction for different transfer
channels. One can follow the evolution pattern as functibth® number of transferred neutrons and
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protons. For instance, in the case of pure neutron tranefesees a quasi-elastic peak and an increasing
strength on large energy loss components when adding msutreemind that with PRISMA one detects
secondary fragments and that the TKEL spectra are constfasisuming binary reactions. For channels
which, due to optimum Q-values, are not directly populated shape of the corresponding TKEL differ

a lot from the smooth behaviour just decribed. Look for instaat the comparison between the (-1p+1n)
channel (mainly directly populated) and the (-1p-1n) onkis Tifferent behaviour tends to smooth out
with larger number of transferred protons.

Large energy losses are associated with nucleon evaporfatiom the primary fragments. The
importance of neutron evaporation in the modification of final yield distribution was outlined in
inclusive measurements [4, 5]. These effects can be diree#n with PRISMA+CLARA. Gating with
PRISMA on a specifi&Z and A (light partner) the velocity vector of the undetected hegastner can be
evaluated and applied for the Doppler correction of itsespondingy rays. In those spectra not only
the v rays belonging to the primary binary partner are presenalaa the ones of the nuclei produced
after evaporation takes place. An example is given in Figr@He for the—2p + 2n channel populated
in the“0Ca+%Zr reaction [9]. About 66 of the yield corresponds to the primai§Mo, while the rest is
equally shared between isotopes corresponding to the eatapoof one and two neutrons. In general,
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Fig. 6. v spectra for the-2p + 2n channel in the reactiof Ca+°°Zr Doppler corrected for the heavy (top two
frames) and light fragments (bottom frame). To have a béttartification of the differenty lines for the heavy
fragment we used an expanded energy scale.

for few nucleon transfer channels most of the yield corradpdo the true binary partner. This behavior
is closely connected with the observed TKEL. For the neupick-up channels the major contribution
in the TKEL is close to the optimur® values (.t =~ 0), while in the proton stripping channels larger
TKEL are observed, thus the neutron evaporation has a graifgct on the final mass partition.

6 Sub-barrier transfer reactions

In recent years there has been growing interest in studyingrdic processes at energies well below the
Coulomb barrier, in particular sub-barrier fusion [2,3hiF same energy range is also ideal to investigate
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transfer processes, which are strongly connected witbtiysis they probe different but complementary
ranges of nuclear overlap. To set the frame, one can writgdhsfer cross section as :

2

Oty ~ e_%fW(T(t))dt Z ' /Fif(’f'(t))eiwifdt

where the first exponential term gives the probability to agmin the elastic channel and the second
describes the direct population of the transfer channelsgh&(r) the transfer form factor anef“is
defining the Q-value window, with the sum running over all fimal channels. The integrals are per-
formed along the Coulomb trajectory. The imaginary potdiii (), that describes the depopulation of
the entrance channel, at very low energies is dominateddgittyle-nucleon transfer channels. Since
the Q-value distributions get narrower at low bombarding erexghese subbarrier studies may provide
important information on the nuclear correlation closehe ground state. In this energy region the
multinucleon transfer channels should be dominated by eesgtve mechanism with negligible contri-
bution from a cluster-like transfer [19]. This fact shouldyide a simpler analysis of the data. From
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Fig. 7: Mass distributions for pure neutron transfer channelsinbthin the reactiod*Zr+°Ca at the indicated
bombarding energies. Ca-like recoils have been detectg,al0 with the PRISMA spectrometer.

the experimental point of view, measurements of heavy+iansfer reactions at far sub-barrier energies
have significant technical difficulties. At low bombardingeegies angular distributions result, in the
center of mass frame, in a strong backward peaking, with armanr atf.,, ~ 180°. The absolute
yield gets very small, therefore high efficiency is needed.th® same time, mass and nuclear charge
resolutions must be maintained at a level sufficient to mijgtish the different reaction channels. For
situations where the projectile has a significant fractibthe target mass, as it is in most cases, the
backscattered projectile-like fragment has such a lowggnigrat usual identification techniques become
invalid. A suitable way to overcome these limitations is bgans of inverse kinematics, thus we recently
detected multinucleon transfer channels in the reactiéfiézr+*°Ca at different bombarding energies
below the Coulomb barrier, making use of the PRISMA+CLARAge. The use of inverse kinematics
and the detection at very forward angles, allowed to havtheasame time, enough kinetic energy of
the outgoing recaoils (for energy and therefore mass rasoluand forward focused angular distribution
(high efficiency). Sub barrier fusion cross sections forghme system had been previosuly measured
with high precision [20] and a complete set of data for bothtimucleon transfer and fusion reactions
would provide an excellent basis for coupled channel catmis.
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In Fig. 7 | show the mass spectra for pure neutron transfenraa in the syste*zr+%°Ca
obtained after trajectory reconstruction at four bombaydénergies. While at the higher energies one
observes the populations of up to four nucleon transfehediower energies (below the Coulomb barrier)
only one and two neutron transfer survive. The mention the€}-value distributions for the +2n channel
at the lowest energies are very narrow and close to the grstatel to ground state transition, as a result
of the very low excitation energy of the transfer reactiondurcts at these sub-barrier energies. The
experimental results will be compared with coupled chanakdulations, in particular the comparison of
two nucleon vs. one nucleon transfer should provide inféionaon nucleon-nucleon correlation effects.
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