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TransferTransfer reactionsreactions amongamong heavyheavy ionsions
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0 particle transfer (elastic and inelastic scattering) 

1 particle transfer (single particle deg. of freedom)  

2 particle transfer (nucleon-nucleon correlations)2 particle transfer (nucleon-nucleon correlations)

N particle transfer (towards deep inelastic reactions) 



MultinucleonMultinucleon transfertransfer reactionsreactions :: aa linklink betweenbetween twotwo regimesregimes
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deep inelastic processes  deep inelastic processes  



DeepDeep inelasticinelastic collisionscollisions :: macroscopicmacroscopic viewview

concept of dinuclear system diffusion effects on nucleons   

angular dependence of energy loss    

Wilczynski



DissipativeDissipative forcesforces :: correlationcorrelation betweenbetween A,ZA,Z variancesvariances andand energyenergy lossloss

dissipation of kinetic energy generated 
by the microscopic flux of nucleons  

PPauli blocking

N and Z diffusion : 
x=1 uncorrelated

x=2 totally correlated  

W.W.Wilcke et al., PRC22(1980)128



LagrangeLagrange--RayleighRayleigh equationsequations ofof motionmotion inin multidimensionalmultidimensional coordinatecoordinate spacespace

the results indicate the importance 
of the Pauli principle  

agreement  is fine up to the point 

A.D.Hoover et al., PRC25(1982)256
where the system should become 

strongly deformed 



TwoTwo basicbasic conceptsconcepts forfor thethe interactioninteraction ((nuclear+Coulombnuclear+Coulomb)) potentialpotential

the potential pocket gets smaller 
as Z Zt increases

the effective potential depends 
on the angular momentumas ZpZt increases   on the angular momentum   



DeepDeep inelasticinelastic collisionscollisions :: howhow TKETKE--θθ distributionsdistributions dependdepend onon ZZppZZtt

orbiting

focussing high Coulomb 
fieldfield

From Sahn et al (1977)



quasi elastic processes  quasi elastic processes  quasi elastic processes  quasi elastic processes  



QuasiQuasi--elasticelastic regimeregime inin multinucleonmultinucleon transfertransfer reactionsreactions :: QQ--valuesvalues

48Ti+208Pb
Elab= 300 MeV QE

θlab= 55o

DIC

K.E.Rehm et al, PRC37 (1988)2629



QuasiQuasi--elasticelastic regimeregime inin multinucleonmultinucleon transfertransfer reactionsreactions :: A,ZA,Z yieldsyields

pure neutron pick-up

pure proton stripping

N/Z equilibrization 

S.Szilner et al, Phys.Rev.C71(2005)044610



QuasiQuasi elasticelastic processesprocesses :: optimumoptimum QQ--valuevalue

t f b bilitt ff f ti transfer probabilitycut-off  function

open reaction channels 
are those compatible 
with the optimum Q-p

value window 
(kinematical condition). 

This window has its 
origin in the matching 

of the orbits before and 
after the transfer 

process   

G.Pollarolo et al, NPA406 (1983)369



QuasiQuasi elasticelastic processesprocesses :: formform factorsfactors

the form factor is a matrix element 
between initial and final states in the 
transfer process and reflects nuclear 
structure properties of the donor and 

acceptor binary partners

the form factor has an exponential 
shape in its tail region

J.M.Quesada et al, NPA442 (1985)381



SemiclassicalSemiclassical theorytheory

E.Vigezzi and A.Winther, Ann.of 
Phys. 192, 432 (1989)Phys. 192, 432 (1989)

A.Winther, Nucl.Phys.A572,191(1994)

A.Winther, Nucl.Phys.A594,203(1995)

Program GRAZING 
www to infn it/~nanniwww.to.infn.it/~nanni

(G.Pollarolo)
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MagneticMagnetic spectrometersspectrometers forfor transfertransfer reactionreaction studiesstudies

70’s 80’s - 90’s recent years

Light ions (Q3D) Heavy ions spectrometers Tracking spectrometers

single particle 
levels (shell model)

nucleon-nucleon

A,Z yields

cross sections
Reaction mechanismnucleon nucleon 

correlations      
(pair transfer) 

Q-value 
distributions

Reaction mechanism

Gamma spectroscopy

3-5 msr 5-10 msr 80-100 msr



PRISMAPRISMA spectrometerspectrometer –– trajectorytrajectory reconstructionreconstruction

MWPPAC

AA physicalphysical eventevent isis composedcomposed byby thethe parametersparameters::
•• positionposition atat thethe entranceentrance x,x, yy
•• positionposition atat thethe focalfocal planeplane X,X, YYpp pp ,,
•• timetime ofof flightflight TOFTOF
•• energyenergy DE,DE, EE



THETHE PRISMAPRISMA SPECTROMETERSPECTROMETER ++ CLARACLARA GAMMAGAMMA ARRAYARRAY

PRISMA: a large acceptance 
magnetic spectrometer 

Ω ≈ 80 msr; Bρmax = 1.2 TmΩ 80 msr;     Bρmax  1.2 Tm
ΔA/A ~ 1/200
Energy acceptance ~ ±20%



MultineutronMultineutron andand multiprotonmultiproton transfertransfer channelschannels nearnear closedclosed--shellshell nucleinuclei

9090Zr+Zr+208208PbPb EElablab==560560 MeVMeV

pure neutron pick-up channels

Mass [amu]

PRISMA spectrometer data  

GRAZING code calculations 



DifferentialDifferential crosscross sectionssections

forward part : mainly reflects the behaviour of the form factors

backward part : mainly reflects the absorption  



DifferentialDifferential crosscross sectionssections



multinucleonmultinucleon transfertransfer ::
experimentexperiment vsvs.. theorytheory

data : LNL

theory :theory : 
GRAZING code 
and CWKB 

L.Corradi et al, J.Phys. 
G36(2009)113101G36(2009)113101 
(Topical Review)



TotalTotal kinetickinetic energyenergy lossloss distributionsdistributions inin 4040Ca+Ca+208208PbPb EElablab==235235 MeVMeV θθlablab==8484oo

TKEL corresponding to the two-touching sphere configurationTKEL corresponding to the two-touching sphere configuration 
(maximal amount of energy that can be lost in binary collisions)



EvaporationEvaporation processesprocesses inin multinucleonmultinucleon transfertransfer reactionsreactions

DirectDirect identificationidentification withwith
PRISMA+CLARAPRISMA+CLARA

heavy partner

4040Ca+Ca+9696ZrZr
E=E=152152 MeVMeV

light partner



TKELTKEL distributionsdistributions –– transitiontransition fromfrom QEQE toto DICDIC processesprocesses



TKELTKEL distributionsdistributions –– transitiontransition fromfrom QEQE toto DICDIC processesprocesses



connection with subconnection with sub--barrier barrier 
fusion reactionsfusion reactionsfusion reactionsfusion reactions



CorrelationCorrelation betweenbetween reactionreaction channelschannels

fusion

quasi elastic, deep inelastic

quasi fission,  [...] 
fusion

In the presence of couplings the energy of 
relative motion is not well defined.  An 
exchange of energy from the relativeexchange of energy from the relative 
motion to the intrinsic degrees of freedom 
takes place



WhichWhich rangerange ofof partialpartial waveswaves areare coveredcovered byby DICDIC ??

the simple-minded picture that correlates 
the energy loss with impact parameters has 

E >> Eb gy p p
been used to describe reactions in terms of 
classical trajectories subject to dissipative 

forces 

more elaborated schemes had to take into 
account fluctuations around the average 

behaviour. Among these, quantal 
fluctuations associated with couplings to 
instrinsic excitation channels have been 

h t b i t t

E ~ Eb

shown to be important  

a straightforward manifestation of large 
fluctuations is the lack of correlation 

between impact parameters and energy loss 

C.H.Dasso et al, PRC39(1989)2073
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CompleteComplete measurementsmeasurements ofof fusionfusion andand transfertransfer inin 3333S+S+9090,,9191,,9292ZrZr

L.Corradi et al, Z.Phys.A334(1990)55



EnergyEnergy rangesranges probedprobed inin transfertransfer andand fusionfusion reactionsreactions

R < T 
other reaction 
channels have 

R = reflected incoming flux  
T = transmitted incoming flux

V E > Eb

significant yield    
σ fusion < σ capture   

E ~ Eb

R ~ T
transfer and 
fusion are

E < Eb

fusion are  
comparable 

CC effects

R > T

r
transfer 

dominates over 
fusion 



AA smoothsmooth transitiontransition betweenbetween QEQE andand DICDIC processesprocesses

96Z(40Ca,42Ca)

330 MeV

V E > Eb

E ~ Eb 315 MeV

E < Eb

315 MeV

r 290 MeV

excitation function of multineutron transfer channels 
recently measured with the spectrometer PRISMA 



NearNear barrierbarrier energiesenergies

V

E ~ Eb

R ~ T
transfer and 
fusion arefusion are  

comparable 

CC effects

r



TransferTransfer andand fusionfusion crosscross sectionssections forfor 4040Ca+Ca+9090,,9696ZrZr

GRAZING  code calculations

G.Pollarolo and A.Winther, PRC62(2000)054611G.Montagnoli et al., EPJA15(2002)351



BarrierBarrier distributionsdistributions extractedextracted fromfrom fusionfusion andand QEQE scatteringscattering

the barrier distribution D(B) is a fingeprint of the 
reaction that characterizes the important couplings

D(B) can be derived from 
fusion and from quasi-elastic 
scattering (but DIC must be 

properly considered)properly considered) 



ImportanceImportance ofof properlyproperly takingtaking intointo acccountacccount DICDIC componentscomponents inin
extractingextracting quasielasticquasielastic barrierbarrier distributionsdistributions

S.Mitsuoka, Fusion08, Chicago



ImportanceImportance ofof properlyproperly takingtaking intointo acccountacccount DICDIC componentscomponents inin
extractingextracting quasielasticquasielastic barrierbarrier distributionsdistributionsextractingextracting quasielasticquasielastic barrierbarrier distributionsdistributions

S.Mitsuoka et al, Phys.Rev.Lett.99,182701(2007)



QuasielasticQuasielastic barrierbarrier distributionsdistributions :: rolerole ofof particleparticle transfertransfer channelschannelsQQ pp

Calculations : G.Pollarolo, 
Phys.Rev.Lett.100,252701(2008)

Exp. data : S.Mitsuoka et al, 
Phys.Rev.Lett.99,182701(2007)



EnergiesEnergies aboveabove thethe barrierbarrier

R < T 
other reaction 
channels have 

V E > Eb

significant yield    
σ fusion < σ capture   

r



PartitionPartition ofof thethe totaltotal
reactionreaction crosscross sectionsection

F.L.H.Wolfs, PRC36(1987)1379



OverallOverall comparisoncomparison amongamong reactionreaction channelschannels :: thethe 5858Ni+Ni+124124SnSn systemsystem

G.Pollarolo, NN2006, Rio de Janeiro



EnergiesEnergies belowbelow thethe barrierbarrier

V

E < Eb

R > T

r
transfer 

dominates over 
fusion 



TransferTransfer studiesstudies atat energiesenergies belowbelow thethe CoulombCoulomb barrierbarrier

few reaction channels are 
opened

W(r) is small
opened

F(r)inel has a decay length 
0 65 fm

nuclear couplings are 
~ 0.65 fm
F(r)tr has a decay length 
~ 1.3 fm 

dominated by transfer 
processes 

Q-value distributions get 
much narrower 

one can probe nucleon 
correlation close to the 
ground statesground states   



DetectionDetection ofof (light)(light) targettarget likelike ionsions inin inverseinverse kinematicskinematics withwith spectrographsspectrographs

beam direction

> 10o124 8 > 10o 124Sn 58Ni 

successive+direct pair transfer

+1n

+2n

successive+direct pair transfer

RMS 

+3n

lacking of data for +2n in the deep sub-barrier region 

data

C.L.Jiang et al., PRC57(1998)2393H.Esbensen et al., PRC57(1998)2401



DetectionDetection ofof (light)(light) targettarget likelike ionsions inin inverseinverse kinematicskinematics withwith PRISMAPRISMA

beam direction

20o20o 
94,96Zr 40Ca

Prisma 
acceptance

MNT channels have been measured down to 25 % below the Coulomb barrier

L.Corradi et al, LNL exp. March 2009 



SubSub barrierbarrier transfertransfer transfertransfer reactionsreactions inin 9696Zr+Zr+4040CaCa



SomeSome fewfew remarksremarks

In heavy ion reactions there is a smooth transition 
between QE and DIC processes

The relative strength of the two processes 
depends on bombarding energy and number of 

transferred nucleonstransferred nucleons

There have been recently significant advances in 
the overall understanding of the underlyingthe overall understanding of the underlying 

mechanism in terms of elementary degrees of 
freedom, i.e. surface vibrations, single particle and 

i t fpair transfer 


