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WhyWhy shouldshould wewe measuremeasure atat subsub--barrierbarrier transfertransfer ??

one probes tunnellingone probes transfer and 
fusion in an 

overlapping range of 
energies and angular 

one can better study 
the interplay between 

single and multiple 
particle transfers

one probes tunnelling 
effects between 

interacting nuclei , 
which enter into contact 
th h th t il f th i

g g
momenta 

particle transfersthrough the tail of their 
density distributions  

successive 

direct 

L.Corradi, G.Pollarolo  and S.Szilner, J.Phys.G36(2009)113101 (Special Topic) 



TransferTransfer studiesstudies atat energiesenergies belowbelow thethe CoulombCoulomb barrierbarrier ::
theoreticaltheoretical advantagesadvantagestheoreticaltheoretical advantagesadvantages

few reaction channels are 
opened

one reduces uncertainties 
with nuclear potentials  

one can probe nucleonQ-value distributions get 
much narrower 

one can probe nucleon 
correlation close to the 
ground states   



TransferTransfer studiesstudies atat energiesenergies belowbelow thethe CoulombCoulomb barrierbarrier ::
experimentalexperimental difficultiesdifficulties

Angular distributions are backward peaked and in direct

experimentalexperimental difficultiesdifficulties

Angular distributions are backward peaked and in direct     
kinematics projectile-like particles have low kinetic energy 

A complete identification of final reaction products in A, Z 
and Q-values becomes difficult  

Cross sections get very small (need for high efficiency)

2 solutions have been pioneered so far :2 solutions have been pioneered so far : 

- using Recoil Mass Separators

- using Magnetic Spectrometers with inverse kinematicsusing Magnetic Spectrometers with inverse kinematics



DetectionDetection ofof (heavy)(heavy) targettarget likelike ionsions withwith recoilrecoil massmass spectrometersspectrometers

58Ni 

RMS

xSn

measurements have been performed 
at subbarrier energies but for only g y
one  nucleon transfer and with very 
poor Q-value resolution

slopes consistentslopes consistent 
with the binding 
energies for +1n 
channels

R.Betts et al., PRL59(1987)978



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



DeepDeep subsub--barrierbarrier transfertransfer inin 9696Zr+Zr+4040CaCa studiedstudied withwith PRISMAPRISMA



THETHE PRISMAPRISMA SPECTROMETERSPECTROMETER ++ CLARACLARA GAMMAGAMMA ARRAYARRAY

PRISMA: a large acceptance 
magnetic spectrometer

INFN  exp. PRISMA (LNL,PD,TO,Na)

INFN GAMMA (LNL PD Fi MI N P ) magnetic spectrometer 
Ω ≈ 80 msr;     Bρmax = 1.2 Tm
ΔA/A ~ 1/200
Energy acceptance ~ ±20%

INFN  exp. GAMMA (LNL,PD,Fi,MI,Na,Pg)

+ broad Int. Collaboration 
(UK,F,D,Pl,Sp,Ro,Hr)



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

beam direction

20o20o 
96Zr 40Ca

Prisma 
acceptance

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



TKELTKEL spectraspectra forfor neutronneutron transfertransfer channelschannels

background free spectra with transfer products at very low excitation energy :background free spectra with transfer products at very low excitation energy : 

no evaporation effects and cleanest conditions for data interpretation 



TransferTransfer probabilitiesprobabilities forfor multineutronmultineutron transfertransfer inin 9696Zr+Zr+4040CaCa

+1n α = 0 63 fm-1+1n  α = 0.63 fm 1 

αth = 0.64 fm-1

+2n  α = 1.14 fm-1

αth = 1.27 fm-1

+3n  α = 2.08 fm-1

αth  1.27 fm

αth = 1.94 fm-1

i t l l f t f b biliti P f ti f th di texperimental slopes of transfer probabilities Ptr as function of the distance

of closest approach D are consistent with the binding energies



SlopeSlope anomalyanomaly effectseffects inin twotwo nucleonnucleon transfertransfer reactionsreactions

A.H.Wuosmaa et al. PLB255(1991)316 R.B.Roberts et al. PRC47(1993)R1831 



SlopeSlope anomalyanomaly effetcseffetcs inin twotwo nucleonnucleon transfertransfer reactionsreactions

two neutron transfer reactions 
induced by projectiles ranging from 
36S to 64Ni on different target nuclei 

in increasing the bombarding energy, 

K.E.Rehm et al. PRC47(1993)2731 
deep inelastic components contribute 
more and more 



OneOne andand twotwo nucleonnucleon transfertransfer reactionsreactions 2828Si+Si+9090,,9494ZrZr

28Si+90Zr 28Si+94Zr

+1n α = 0 49 fm-1+1n  α = 0.49 fm 1 

αth = 0.69 fm-1

+2n  α = 0.34 fm-1

αth = 1.36 fm-1

S.Kaikal et al. PRC83(2011)054607 



TransferTransfer probabilitiesprobabilities forfor multineutronmultineutron transfertransfer inin 9696Zr+Zr+4040CaCa

P P P

P4n ~ (P2n)2

P2n ~ 3 (P1n)2

P3n ~ P2n P1n



EnhancementEnhancement factorsfactors inin twotwo nucleonnucleon transfertransfer reactionsreactions

enhancements of two particle 
transfer probabilities compared to 

simple estimates based on
206Pb+116Sn particle-γ data 

simple estimates based on 
independent particle transfer have 
been observed in many systems  

120Sn+112Sn magnetic  spectrometer data  

W.von Oertzen and A.Vitturi, Rep.Prog.Phys.64(2001)1247



EnhancementEnhancement factorsfactors inin twotwo nucleonnucleon transfertransfer reactionsreactions

transfer can be seen as a 
tunnelling effect, with 

analogs in solid state physicsanalogs in solid state physics 
(superconductivity, Cooper 

pairs, Josephson effect) 

W.von Oertzen and A.Vitturi, Rep.Prog.Phys.64(2001)1247



Can we understand microscopically the origin Can we understand microscopically the origin 
of the enhancement factors ? of the enhancement factors ? 



OneOne particleparticle transfertransfer ((semiclassicalsemiclassical theory)theory)

to obtain the total transfer probability 
we summed over all possible 

transitions that can be constructed 
from the single particle states in 

j til d t tprojectile and target  

the set of single particle states covers 
a full shell below the Fermi level fora full shell below the Fermi level for 

96Zr and a full shell above for 40Ca



ComparisonComparison betweenbetween experimentalexperimental andand theoreticaltheoretical
transfertransfer probabilitiesprobabilitiestransfertransfer probabilitiesprobabilities

radial form factor in the tail 
region is well approximated by  



TwoTwo particleparticle transfertransfer ((semiclassicalsemiclassical theory,theory, microscopicmicroscopic calculations)calculations)

3 terms :  simultaneous, orthogonal and successive

only the successive term contributes to the transfer amplitude 



ComparisonComparison betweenbetween experimentalexperimental andand theoreticaltheoretical
transfertransfer probabilitiesprobabilitiestransfertransfer probabilitiesprobabilities

L.Corradi, S.Szilner, G.Pollarolo  et al, PRC84(2011)034603 



PairingPairing interactioninteraction inin transfertransfer reactionsreactions withwith lightlight nucleinuclei

the successive 
term dominates

evidence of phonon mediated 
pairing interaction

132Sn(p,t)130Sn p(11Li,9Li)t

term dominates  pairing interaction  

(p, )

successive 

total total

sim.+n.o.

simultaneous
non-orthogonal

no-coupling to 
collective states (s1/2)2   of two-

neutron halo

(p1/2)2   of two-
neutron halo

G.Potel et al, Fusion11 St.Malo’ and PRL105(2010)172502 

neutron halo



TotalTotal kinetickinetic energyenergy lossloss distributionsdistributions

E > Eb
onset of DIC 
components 

E ~ Eb
transfer andtransfer and 
fusion are 

comparable 

E < Eb
transfer 

dominatesdominates 
over fusion  

the spectra of +1n and +2n channels have a maximum that moves to higher TKEL with the 
bombarding energy, in agreement with the energy dependence of Qopt .The width is constant 

below the barrier and grows above it reflecting the opening of other reaction channels 



TotalTotal kinetickinetic energyenergy lossloss distributionsdistributions

96Zr+40Ca 330 MeV
PRISMA this work 

40Ca+208 Pb 236 MeV - PISOLO
S.Szilner et al PRC71(2005)044610 

40Ca+96Zr 152 MeV – PRISMA+CLARA
S.Szilner et al, PRC7(2007)024604



ExcitedExcited statesstates populationpopulation inin thethe ++22nn channelchannel –– PRISMA+CLARAPRISMA+CLARA expexp

hints of decay from high lying 0+

states in 42Ca 

strong population of negative 
parity states in 94Zrparity states in Zr 

only 60% of the last 
2+ 0+ t iti i2+ - 0+ transition in 

42Ca can be 
accounted for from 
observed feeding



SummarySummary

We performed first measurements on sub-sub-barrier transfer 
reactions exploiting inverse kinematics and making use of thereactions exploiting inverse kinematics and making use of the 
high resolution and large acceptance spectrometer PRISMA  

Data look very promising. Slopes for multineutron pick-up 
channels are consistent with binding energies. Comparison with 

microscopic calculations show the importance of J=0 pair 
transfer (populating 0+ states) and of states of higher spin and 

negative parity (recoil term) 

Next experiments : 116Sn+60Ni, nuclei of superfluid character 

PRISMA+AGATA  (gamma-particle), D.Montanari et al April 2011 (g p ), p

PRISMA (excitation function), L.Corradi et al January 2012
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ImportanceImportance ofof properlyproperly takingtaking intointo acccountacccount DICDIC componentscomponents inin
extractingextracting quasielasticquasielastic barrierbarrier distributionsdistributions

S.Mitsuoka, Fusion08, Chicago



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)



CompositionComposition ofof wavefunctionswavefunctions forfor 00++ statesstates



G.Pollarolo, Fusion11 St.Malo’  



MeasurementMeasurement ofof subsub--transfertransfer reactionsreactions withwith PRISMAPRISMA

CMCP detector : 
X-Y positions matrix 

MWPPAC detector : 
X-Y  positions matrix 

IC detector : 
E-∆E matrix 



MeasurementMeasurement ofof subsub--transfertransfer reactionsreactions withwith PRISMAPRISMA

SSBD detectors for normalization 
(Rutherford)

beam direction

60o 

55o 

20o 94,96Zr 40Ca

Faraday-cup

Beam : 96Zr (0 5 - 1 pnA)Beam : Zr  (0.5 - 1 pnA) 

Target : 40Ca (50 µg/cm2) 

Energy : from 330 to 250 MeV (17 points)Energy : from 330 to 250 MeV (17 points) 

Prisma fixed at 20o (140o  in c.m.)



DetectionDetection ofof RutherfordRutherford scatteredscattered recoilsrecoils

40CaF2 2 mm strip 
target (50 µg/cm2 + 
15 µg/cm2 12C

SSBD detector 

96Zr beam

15 µg/cm C 
backing)

Rutherford

E1 = kEbeam

Rutherford 
scattered
12C, 19F, 40Cadegrader 

(12C 85 / 2)

E2 = k(Ebeam - DEbeam)
(12C  85 µg/cm2)

E3 = k(Ebeam – 2DEbeam) DEbeam   ~ 6.6 MeV

2DEbeam  ~ 13.2 MeV SubSub--barrierbarrier transfertransfer reactions,reactions, PRISMAPRISMA
ExpExp..0808..2222 ((1919--2525//22//20092009))



CentroidsCentroids--energyenergy forfor C,F,CaC,F,Ca ionsions intointo thethe twotwo monitorsmonitors

Carbon CalciumFluorine

MON1MON1

rg
y 

(M
eV

)  

MON2

En
er

Centroid (channel) 



AbsoluteAbsolute crosscross sectionssections forfor oneone andand twotwo--nucleonnucleon transfertransfer reactionsreactions

E ~ Eb E << Eb

208Pb(16O,18Og.s.)206Pb

successive 
successive 

direct 

directdirect 

one+two step calculations undepredict 
the data by a factor ~ 2

one+two step calculations undepredict 
the data by 25-30%

B.F.Bayman and J.Chen, PRC26(1982)1509

the data by a factor 2 the data by 25 30%


