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Introduction

Issues of transfer reactions at the Coulomb Barrier with RIBs

(t,p) experiment with stable beam

Towards (t,p) with RIBs



- measurement of excitation energy E(21
+)

- measurement of cross section

→ electromagnetic matrix elements
→ collectivity, deformation, test of shell closure

σ ~ B(E2)

Coulomb-excitation (Stefanescu,Behrens, Goergen)

g-factor measurement following Coulomb-excitation (Speidel)
- perturbed angular distribution / correlation

→ magnetic moments

⊗ B-field

0+

2+

Coulomb-
excitation γ-decay

Spectroscopic tools for accelerated RIBs



Pair-transfer

Single nucleon transfer (Blumenfeld, Bildstein)

→ single-particle energies
→ quantum numbers 

(orbital and total angular momentum L,J=L+S, parity)
→ spectroscopic factors (overlap with shell-model wave-function)

→ spectroscopic factors
→ sequential and simultaneous transfer

→ pairing correlations
→ shape coexistence

Z,N Z,N+1 Z,N+2

0+ 0+

Z,N Z,N+2
0+ 0+

0+

32Mg30Mg

Spectroscopic tools for accelerated RIBs

typical Reactions: (d,p), (9Be,2α)

proposed Reactions: (t,p), (10Be,2α)



Transfer at the Coulomb Barrier

H. Lenske, G. Schrieder
Eur. Phys. Jour. A 2 (1998) 41

Cross sections
peak at low energy

Probing the nuclear 
surface and the 
tail of the wave 
functions



Issues
• Transfer Reactions at the Coulomb barrier

– Energy resolution
• Kinematic broadening does not allow to do spectroscopy using recoils
• Light particles allow for some spectroscopy (~150 keV resolution)
• Example:  d(54Fe,p)55Fe



Example with stable beam
Q
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# ring

D(54Fe, p)55Fe@ 2.4 MeV/u

M. Mahgoub
(TUM)

Target

Beam monitor
for normalisation:

2 PIN diodes at 45°

CD detector:
48 rings on front

16 sectors in the back
ΘLab = 130° - 160°

p



Limitation: Energy resolution

• Ti target foil loaded with Deuterium
• 2.4 MeV/u ϑLab = 150° (ΘCM = 17°) 

55Fe

Example:  D(54Fe,p)55Fe reaction

70 keV FWHM

ΔEx=411 keV
ΔEp~220 keV

Spectroscopic energy resolution of ~ 150 keV



Angular distributions

54Fe(d,p)55Fe @ 7 MeV/u
Munich Q3D

d(54Fe,p)55Fe @ 2.4 MeV/u
inverse kinematics

Angular distributions 
are flatter at low energies

3/2- g.s.
L=1

Small angular coverage in CM



Issues
• Transfer Reactions at the Coulomb barrier

– Energy resolution
• Kinematic broadening does not allow to do spectroscopy using recoils
• Light particles allow for some spectroscopy (~150 keV resolution)

– Angular distributions
• At low energies the distributions are more flat (Problem for high L)



Issues
• Transfer Reactions at the Coulomb barrier

– Energy resolution
• Kinematic broadening does not allow to do spectroscopy using recoils
• Light particles allow for some spectroscopy (~150 keV resolution)
• Example:  d(55Fe,p)54Fe

– Angular distributions
• At low energies the distributions are more flat (Problem for high L)

– Identification of reaction products
• Gamma-particle coincidences (also provides high resolution)
• Example:  d(48Ca,p)49Ca



Transfer experiment d(48Ca,p)49Ca with MINIBALL

Target
Ti + D2

Miniball
Cluster

30μm Al

Si-Detektor

49,48Ca

p,d
γ

48Ca



d(48Ca,p)49Ca: CD detector – particle spectra

Deuterons
(elastically scattered

Protons(49Ca g.s.)Protons(49Ca 2023 keV)

counts per
300 keV and ring

en
er

gy

Protons
(elastically scattered)

(θLabor~30o) Ring in CD detector (θLabor~60o) 

Protons are stopped only for energies below around 7-9 MeV



particle spectrum in coincidence with γ in MINIBALL

(θLabor~30o) Ring in CD detector (θLabor~60o)
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Gamma spectrum for d(48Ca,p)49Ca 
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All transitions are identified



Gamma gating: Population of levels

L=3

Gate: 2.023 MeV
L=1

En
er

gy

(θLabor~30o) (θLabor~60o)
ring in DSSD

⇔

Gate: 2.249 MeV



Angular distributions
Differential cross-sections relative to Rutherford

3991 keV state (L=3)

2023 keV state  (L=1)

Higher sensitivity at more forward CM angles
θcm [deg]         



Issues
• Transfer Reactions at the Coulomb barrier

– Energy resolution
• Kinematic broadening does not allow to do spectroscopy using recoils
• Light particles allow for some spectroscopy (~150 keV resolution)

– Angular distributions
• At low energies the distributions are more flat (Problem for high L)

– Identification of reaction products
• Gamma-particle coincidences (also provides high resolution)
• Above fusion barrier for target carrier: swamped by fusion protons

Magnetic spectrometer needed

EMMA (TRIUMF)
B. Davids et al.



Issues
• Transfer Reactions at the Coulomb barrier

– Energy resolution
• Kinematic broadening does not allow to do spectroscopy using recoils
• Light particles allow for some spectroscopy (~150 keV resolution)

– Angular distributions
• At low energies the distributions are more flat (Problem for high L)

– Identification of reaction products
• Gamma-particle coincidences (also provides high resolution)
• Above fusion barrier for target carrier: swamped by fusion protons

– Magnetic spectrometer needed

• Two-Neutron Transfer
– Tritium Target 

• mechanical stability
• Radiation
• Target density



The Tritium target
Tritium loaded Titanium foil

• 450 μg/cm2 Ti
• atomic ratio 3H/Ti: 1.76 (at time of production 2003)
→ ~ 40 μg/cm2 3H

• activity: 26 GBq = 0.7 Ci (too high for most labs!!)

target with same areal density but smaller area is 
possible, resulting in an activity below 10 GBq (CERN limit)

ERD experiment at Munich Q3D with 2H/Ti target shows 
that no Hydrogen is released up to beam current of 1-10 
particle-nA



Issues
• Transfer Reactions at the Coulomb barrier

– Energy resolution
• Kinematic broadening does not allow to do spectroscopy using recoils
• Light particles allow for some spectroscopy (~150 keV resolution)

– Angular distributions
• At low energies the distributions are more flat (Problem for high L)

– Identification of reaction products
• Gamma-particle coincidences (also provides high resolution)
• Above fusion barrier for target carrier: swamped by fusion protons

– Magnetic spectrometer needed

• Two-Neutron Transfer
– Tritium Target 

• mechanical stability
• Radiation
• Target density

– Reaction cross-sections



Test case: 

t(40Ar,p)42Ar



Predicted cross-sections
E.R Flynn et al., Nucl. Phys. A247, 117 (1975)

detector coverage

ground state

Flynn et al.

CHUCK3



t(40Ar,p)42Ar

E40Ar= 2.25 MeV/u

θlab=130°-160°

27Al shielding
1.08 mg/cm2Proton energy loss

Ep_loss= 6%

DSSSD

Al shielding to suppress back-scattered
40Ar from 48Ti(40Ar,40Ar)48Ti

p

6x108 pps (natTi 3H) 0.44 mg/cm2 

Beam energy just below
fusion threshold for
40Ar+Ti



t(40Ar,p)42Ar

Q
(keV)

Ring #

Ring #

Ep
(keV)

0

1.208

2.41
+2.49
+2.51

4.01

3.10

5.0 MeV

Q (keV)

Beam intensity: 6·108 pps
Tritium target thickness: ~ 40 µg/cm2

12 hrs data taking



t(40Ar,p)42Ar angular distributions

L=4

L=2

L=0

3.096 MeV

1.208 MeV

Ground state

4+

2+

0+

DWBA calculations (CHUCK3)

M. Mahgoub
TUM dissertation
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Towards (t,p) experiments at REX-ISOLDE



2H(70Zn,p)71Zn @ 2.9 MeV/u

]/[
d
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CMΩ
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CMθ

Labθ

L=1

L=2

L=3
L=4

angular range
sensitive to

angular distributions

• spectroscopic factors from
D. von Ehrenstein et al., 
PR 164, 1374 (1967) 

• optical potentials adapted 
for lower beam energy

Transfer in the N=40 region? 



Simulations for new detector set-up

t(40Ar,p)42Ar
t(40Ar,p)42Ar

Leuven
TU Munich

500 μm
300 μm

40 μm+
1000 μm

65 μm+
1500 μm

V. Bildstein



Conclusions
• Transfer reactions provide important insights into single-particle structure 

(1n), collective motion, and pairing (2n)

• Cross-sections at low energies are favorable but kinematics is not

• First successful (t,p) reaction performed
– Cross-sections in mb range, target thickness of 40 μg/cm2

Experiments with 106 pps possible

• New detector set-up for detection of light ejectiles on the way
– See talk by V. Bildstein

• First (t,p) experiments planned for 2007/2008
t(30Mg,p)32Mg t(42,44Ar,p)44,46Ar
t(64,66Ni,p)66,68Ni t(74,76Zn,p)76,78Zn

• Gamma coincidences for identification and spectroscopy
better resolution, decay properties

• BUT Gammas do not help for ground state and isomers
magnetic spectrometer needed



Deformed Ar isotopes

H. Scheit et al., PRL 77 (1996) 3967

Shell model

HFB

RMF
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New Ionizaiton chamber



Motivation
• Single- and two-nucleon transfer reactions are standard tools for the 

investigation of:
– single-particle structure of nuclei: e.g. (d,p), (p,d)
– investigation of pairing correlations: e.g. (p,t), (t,p)

• two-nucleon transfer reactions are used to investigate shape coexistence

• For reaction with short-lived nuclei we need inverse kinematics 

• Two-neutron transfer on already neutron-rich nuclei can be used to 
populate nuclei that have too low production rate for use in reactions



The set up for t(40Ar,p)42Ar , inverse kinematics

40Ar

p

natTi 3H


