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Outline

Why transfer reactions?
Information accessed by transfer reactions

Stable vs. Exotic nuclei
Experimental challenges
What to detect and how

Opportunities at HIE-ISOLDE
- ISOLDE, REX and Miniball
- “High Energy”: regimes for transfer reactions
- “High Intensity”: extending the limits
- Some physics cases

Summary
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Transfer of a nucleon (cluster)

A + a(=b+x) → B(=A+x) + b

Probability depends upon
matching conditions and structural overlap 
⇒ mechanism is highly selective

Information

Energy of the populated states
from Q-value of the reaction ⇒ energy of emitted radiation

Spin-parity of the populated states (conditions)
from transferred angular momentum ⇒ angular distributions

Overlap of B and A(+x) states
from the Spectroscopic Factors ⇒ cross sections

one-nucleon transfer:
occupancy of single particle orbitals in the original A nucleus
distribution of s.p. strength among the states in B

two-nucleon or cluster transfer: 
pairing, clustering

Why transfer reactions
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Stable vs. Exotic nuclei

Stable

Nucleus is the thin target

Intense beam of light
(or heavy) ions

Detect scattered particle
with high precision
in a collimated detector

Exotic

Nucleus is the (weak) beam
⇒ INVERSE KINEMATICS

Target of light nuclei
- thickness is a compromise

between resolution and yield
- “background” nuclei (C, windows…)

Detection of…
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Detection of…

Beam-like heavy particle
Needs a spectrometer…
Only possible for relatively light projectiles
(E* resolution limited by Δθ)
Needs well-defined beam energy

Best cases ≈200 keV

Light particle
scattered at all angles…
depending on the reaction:
pick-up ⇒ forward
elastic ⇒ 90 degrees
stripping ⇒ everywhere

⇒ General-purpose large particle-detection array
Particle ID at forward angles
Resolution depends on target thickness
200 μg/cm2 ⇒ typically ≈300 keV

Coincidence
to reduce background

CREDITS: W.N. Catford, NPA 701 (2002) 1

J. Winfield, NIM A 396 (1997) 147 
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Detection of…

γ-rays in coincidence

Can employ thick targets

Limited to bound, excited states

Needs very high
and well-measured efficiency

Doppler correction
limits the resolution

Decay scheme
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Transfer at HIE-ISOLDE

REX-ISOLDE

Good quality beams 
⇒ possible without detection of heavy fragment
⇒ angular resolution determined by the particle detector

Miniball
with coupled particle detector

⇒ Transfer reaction studies
possible today!

V. Bildstein, IS454 (morning talk)
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HIE - High Energy

Best energy for transfer reactions?

<3 MeV/nucleon:
- mechanism: compound nuclear effects 
- background from evaporation?
- angular distributions not sufficiently characterized?

data: D. von Ehrenstein and J. P. Schiffer, Phys. Rev. 164 (1967) 1374

calculations: N. Patronis (IKS)
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HIE - High Energy

Best energy for transfer reactions?

<3 MeV/nucleon:
- mechanism: compound nuclear effects 
- background from evaporation?
- angular distributions not sufficiently characterized?

>30 MeV/nucleon
- poor matching, small cross sections
- kinematical focusing too strong

⇒ Best around 5-20 MeV/nucleon
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Energy: Spectroscopic Factors?

A(d,p)B

DWBA amplitude is proportional
to the overlap I between A and B=A+x
(SF)

Usually it is assumed: I ∝ s.p. wave function
everywhere

exp DWBA
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Mukhamedzhanov and Nunes PRC 72 (2005) 017602

Pang, Nunes, Mukhamedzhanov PRC 75 (2007) 024601

however

Proportionality only valid for large A-x distances
for which  SF → Asymptotic Norm. Coeff. = (Sℓj)½ bnℓj

⇒ two experiments:

ANC from peripheral transfer at low energy

SF from measurement at higher energy where the cross section is 
not too dependent on bnℓj (bound-state potential parameters)
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Energy: Spectroscopic Factors? CREDITS: N. Patronis (IKS)

SF
0.1 0.2 0.3 0.4 0.5 0.6 0.70

0.2

0.4

0.6

0.8

1
1.2

1.4

1.6

1.8

2
SF distribution

SF-1st Exc/SF-g
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50

1

2

3

4

5

6

7

8

SF  ratio distribution

0 5 10 15 20 25 30
20

40

60

80

100
 

 %
 S

F 
se

ns
iti

vi
ty

Beam Energy [MeV/u]

 r=1.25 fm -> r=1.10 fm

 r=1.25 fm -> r=1.35 fm 

64Ni(d,p)65Ni    3 MeV/A

• Modify potential parameters and fit exp data

ANCs are very well determined

Relative SF are quite well determined

Absolute SF can only be derived at a
much higher energy

Ranges: ANC for E ≤ 10 MeV/A 
SF for E > 30 MeV/A
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HIE - High Intensity

Cross sections for transfer:
- nucleon or cluster: ≈1 mb
- multi-step: 10-1 mb

Target thickness
- 200 μg/cm2 if no γ
- 1 mg/cm2,  20% eff. for γ

⇒ I ≈ 104 pps

CREDITS: N. Orr (LPC Caen)
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HIE - High Intensity

Based on improvements for

Proton driver beam (factor 3)

Sources:
- faster breeding times
- ECRIS

Source:

HIE-ISOLDE Physics Report

(Oct 2007)

Evolution of shell gaps in n-rich isotopes,
new magic numbers from modified interactions

Cross-shell intruders: 32Mg, 44S

Coexistence of collective and s.p. structure
in Ni isotopes

…



Riccardo Raabe IKS, K.U.Leuven

Few states in the nuclei involved

(d,p) and (α,3He) transfers on n-rich nuclei
can be used to unbound states at and
beyond the dripline

Continuum effects (theory: coupling)

Halos

N=16

At HIE-ISOLDE…

Not really at the dripline
(half lives)

Fission only starting from oxygen

Spectrometer give the best results

⇒ transfer in this region is not a strength of HIE-ISOLDE 
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Light nuclei

11Be

20O
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20 28

20

8

Island of inversion

Island of inversion: 32Mg(d,p)

Intruders in N = 20 and 28

32Mg

46,47Ar

Na and Ne isotopes

Weakening of N=28

46Ar(d,p) already made…
L. Gaudefroy PRL 97 (2006) 092501

47Ar(p,d)  removal of a f7/2 neutron
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28

50

Magicity of 68Ni

68Ni(d,p)
configuration of the g.s. in 68Ni
isomers ⇒ E from particles

Ni isotopes

40 71Ni
80Zn

82Ga

3.5 s

Monopole migration in Cu
69,71Cu(d,p): isomers + close levels
⇒ difficult!
71,73Cu(d,p)  ? No information

N=50 gap
80Zn(d,p)
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Around 132Sn

130,131In(d,p)
isomers…

Z=50 gap

133,134,135Sn(d,p)

Sn region

82 132In
135Sn

50

If isomers… experiments would need

a separator to reject the beam

tagging of heavy fragment
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A variety of physics questions

(p,d) reactions to go more exotic

Astrophysics…

Proton-rich nuclei

33Ar

56Ni

105Sn

186Pb
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Summary

Transfer reactions are a powerful tool
to address the physics questions opened far from stability
- one nucleon transfer reactions for s.p. structure
and deformed nuclei

- two-nucleon and alpha transfer for pairing, clustering

HIE-ISOLDE will provide the ideal beam energy

High intensities extend the accessible domain
(isomeric beams)

Lighter nuclei up to oxygen:
- good-quality measurements require a spectrometer

Strengths of HIE-ISOLDE in heavier nuclei
- better produced
- higher density of states
- well-described reaction mechanism
- information from γ-rays
- separator for decay tagging of isomers


