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A PLAN for how to STUDY STRUCTURE 
 
• Use transfer reactions to identify strong single-particle states, 
   measuring their spins and strengths 
 
• Use the energies of these states to compare with theory 
 
• Refine the theory 
 
• Improve the extrapolation to very exotic nuclei 
 
• Hence learn the structure of very exotic nuclei 
 
N.B. The shell model is arguably the best theoretical approach 
        for us to confront with our results, but it’s not the only one. 
        The experiments are needed, no matter which theory we use. 
 
N.B. Transfer (as opposed to knockout) allows us to study orbitals 
        that are empty, so we don’t need quite such exotic beams. 
 



A.B.C.D.E    PRACTICALITIES 

1.2.3. Inverse kinematics 

USING RADIOACTIVE BEAMS in INVERSE KINEMATICS 
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vcm is the velocity of the centre of mass, in the laboratory frame 
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The general form 

of the kinematic 

diagrams is  

determined by the 

light particle 

masses, and has 

little dependence 

on the beam 

mass or velocity 
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Defining:  g = vCM / ve 

Note that qlab changes much 

more rapidly (at back angles) 

than does qCM 

This means that a small 

solid angle in the CM, dWCM 

is spread over a rather large 

solid angle dWlab in the lab  

This means that although 

ds/ dWCM 

is largest at small qCM or 

near 180° in the lab, the 

effect of the Jacobian is that 

ds/ dWlab  

near 180° is reduced relative 

to less backward angles 

ds    

dWlab 

ds    

 dWCM 
= 

(1 + g2 + 2g cos q)3/2 

 1+ g cos q  

e.g. L.I. Schiff, Quantum Mechanics, 3rd Ed., p.113 





INCIDENT BEAM 

(d,t) 

forward of 45° 

(d,d) 

just 

forward of 90° 

(d,p) 

from 180° to 

forward of 80° 

The energies are also 

weakly dependent on 

mass of the beam 

so a general purpose 

array can be utilised 

USING RADIOACTIVE BEAMS in INVERSE KINEMATICS 



Lighter projectiles 

Heavier projectiles 

Some advantages to detect 

beam-like particle 

(gets difficult at higher energies) 

Better to detect light particle 

(target thickness lilmits resolution) 

Calculations of Ex resolution from particle detection 

beamlike 
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detected 

light 

particle 

detected 



Possible Experimental Approaches to Nucleon Transfer 

1)  Rely on detecting the beam-like ejectile in a spectrometer 

2)  Rely on detecting the target-like ejectile in a Si detector 

3)  Detect decay gamma-rays in addition to particles 

Kinematically favourable unless beam mass (and focussing) too great 

Spread in beam energy (several MeV) translates to Ex measurement 

Hence, need energy tagging, or a dispersion matching spectrometer 

Spectrometer is subject to broadening from gamma-decay in flight 

Kinematically less favourable for angular coverage 

Spread in beam energy generally gives little effect on Ex measurement 

Resolution limited by difference [ dE/dx(beam) - dE/dx(ejectile) ] 

Target thickness limited to 0.5-1.0 mg/cm2 to maintain resolution 

Need exceptionally high efficiency, of order > 25% 

Resolution limited by  Doppler shift and/or broadening 

Target thickness increased up to factor 10 (detection cutoff, mult scatt’g) 

J.S. Winfield, W.N. Catford and N.A. Orr, NIM A396 (1997) 147 
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Possible Experimental Approaches to Nucleon Transfer 

1)  Rely on detecting the beam-like ejectile in a spectrometer 

2)  Rely on detecting the target-like ejectile in a Si detector 

3)  Detect decay gamma-rays in addition to particles 

Kinematically favourable unless beam mass (and focussing) too great 

Spread in beam energy (several MeV) translates to Ex measurement 

Hence, need energy tagging, or a dispersion matching spectrometer 

Spectrometer is subject to broadening from gamma-decay in flight 

Kinematically less favourable for angular coverage 

Spread in beam energy generally gives little effect on Ex measurement 

Resolution limited by difference [ dE/dx(beam) - dE/dx(ejectile) ] 

Target thickness limited to 0.5-1.0 mg/cm2 to maintain resolution 

Need exceptionally high efficiency, of order > 25% 

Resolution limited by  Doppler shift and/or broadening 

Target thickness increased up to factor 10 (detection cutoff, mult scatt’g) 

J.S. Winfield, W.N. Catford and N.A. Orr, NIM A396 (1997) 147 







Focal plane spectrum from SPEG magnetic spectrometer 

coincidence 

singles 

carbon background removed 

gamma-ray 

broadening 



Separation Energy form factor Vibrational form factor 

a2 

0.49 

b2 

0+ 2+ 

0.51 

• poor form factor 

• no core coupling 

• no 11Be/d breakup 

0.84 0.16 

0.74 0.19 

• vibrational model 

• core-excited model 

• realistic form factor 

Shell model 







WHAT IS THE BEST IMPLEMENTATION FOR OPTIONS 2 AND 3 ? 

It turns out that the target thickness is a real limitation on the energy resolution… 

 

Several hundred keV is implicit, when tens would be required, 

So the targets should be as thin as possible… 

But RIBs, as well as being heavy compared to the deuteron target, are: 

(a) Radioactive 

(b) Weak 

Issues arising: 

(a) Gamma detection useful for improving resolution 

(b) Active target (TPC) to minimize loss of resolution 

(c) Need MAXIMUM efficiency for detection 

Experimental solutions can be classed roughly as: 

(a) For beams < 103 pps    ACTIVE TARGET 

(b) 103 < beam < 106 pps    Si BOX in a g-ARRAY 

(c) For beams > 106 pps    MANAGE RADIOACTIVITY 



78Ni(d,p)79Ni at 10 A MeV 

MAYA 
Now in use at 

GANIL/SPIRAL 

TRIUMF 

ACTAR 
being designed 

for future 

SPIRAL2 

SOLUTIONS FOR BEAMS IN RANGE 102 to 104 pps USING TPC’s 
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SOLUTIONS FOR BEAMS IN RANGE 104 to 106 pps USING GAMMAS 

ORRUBA OAK RIDGE 



Forward Annular Si 

5.6 < qlab < 36  

Backward Annular Si 

144 < qlab < 168.5  

Barrel Si 

36 < qlab < 144  

 

Target Changing  

Mechanism 

Beam 
VAMOS 



SOLUTIONS FOR BEAMS IN RANGE 106 to 109 pps USING GAMMAS 



Forward and Backward annular detectors 

Barrel detector  

TIARA SETUP 



Trajectories for 132Sn(d,p) at 8 MeV/A 

HELIOS: Wuosmaa, Schiffer et al. 

avoids this 

compression 

Actual solenoid – from MRI 

NOVEL SOLENOID FOR 4p DETECTION to DECOMPRESS KINEMATICS 



FROZEN TARGETS and not detecting the LIGHT PARTICLE 

A. Obertelli et al., Phys. Lett. B633, 33 (2006).  

Also: 
Elekes et al PRL 98 (2007) 102502 
22O(d,p) to n-unbound 23O SP states 

And helium: 
Especially (a,3He) etc. at RIKEN 



Experimental approaches largely depend on the beam intensity and resolution: 

Below 104 pps MAYA, ACTAR… Below 106 pps SHARC, T-REX… 

Up to 109 pps TIARA or alternatively… A solenoid device… 



24Ne(d,pg) N=16 replaces broken N=20 

W.N. Catford et al., Eur. Phys. J. A25, Suppl. 1, 245 (2005).  

Schematic of the TIARA setup. A beam of 105 pps of 24Ne at 10.5A MeV was provided from SPIRAL, 

limited to 8p mm.mrad to give a beam spot size of 1.5-2.0 mm. The target was 1.0 mg/cm2 of (CD2) n 

plastic. The TIARA array covered 90% of 4p with active silicon. 

OUR EXPERIMENT TO STUDY 25Ne d3/2 



TIARA 

24Ne + d 

      25Ne + p 
t = 3.38 min 

100,000 pps 



TIARA 

+ TIARA 



Geant simulation: first interaction point for E(gamma) = 2.05 MeV 



Results from the experiment to study 25Ne 

GAMMA RAY ENERGY SPECTRA 

EXCITATION E_x FROM PROTONS 

FIX E_x 



SOME RESULTS and PERSPECTIVES 
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In 25Ne the 3/2+ state was 

far from a pure SP state 

due to other couplings at 

higher energies, but it was 

clear enough in its ID and 

could be used to compare 

with its SM partner to improve 

the USD interaction 

It is not always necessary 

to map the full SP strength 

which may be very much split 

and 

with radioactive beams 

it may not often be possible 

Includes also   
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A.B.C.D.E. RESULTS AND PERSPECTIVES 

1.2.3.4.5. Gamma rays as an aid to identification 
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E. SOME RESULTS and PERSPECTIVES 

In 25Ne we used  

gamma-gamma coincidences 

to distinguish spins 

and go beyond orbital AM 
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In 25Ne we used  

gamma-gamma coincidences 

to distinguish spins 

and go beyond orbital AM 

FIRST QUADRUPLE  

COINCIDENCE (p-HI-g-g ) 

RIB TRANSFER DATA 

Inversion of 3/2+ and 5/2+ 

due to monopole migration 

Summary of 25Ne Measurements Negative parity states 

(cross shell) also identified 
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Physics outcomes for 25Ne study: 

 
Identified lowest lying 3/2+ and 5/2+ excited states 

 

Showed that 3/2+ is significantly raised due to monopole shift, 

Supporting N=16 emerging as a shell gap 

 

Identified lowest negative parity intruder states as 3/2 and 7/2 

 

Measured relative energy of negative parity intruder states, 

Supporting N=20 disappearance as a shell gap, and also 

Supporting N=28 disappearance as a shell gap 

 

Provided quantitative input to measuring magnitude of monopole shift 

Roth, Neff et al., NPA 745 (2004) 3-33 

COZMIN TIMIS and WNC, SURREY 



Oxygen 23 by (d,p) at 600 pps Oxygen 25 by 26F – p at 20 pps 

We proceed from here by 

• removing more protons from d5/2 – that is, looking at oxygen, namely 21O 

… there are important anomalies to resolve, regarding the n(d3/2) energy 

• also looking at the more exotic neon isotopes – namely 27Ne, N=17 

Elekes et al 
Hoffman et al 



TIARA + MUST2 experiments at SPIRAL/GANIL: 

 
Beam of 20O at 105 pps and 10 MeV/A 

(stripping at target to remove 15N 3+ with A/q = 5) 

(This experiment not discussed, in these lectures). 

 

Beam of 26Ne at 103 pps (pure) and 10 MeV/A 

 

The (d,p) could be studied to both BOUND and UNBOUND states 

 

Gamma-ray coincidences were recorded for bound excited states 

 

With MUST2 we could measure (d.t) at forward angles with good PID 

 

The 16% of 1H in the 2H target allowed (p,d) measurements also 

BEA FERNANDEZ DOMINGUEZ, LIVERPOOL (GANIL) 

JEFFRY THOMAS, SURREY 

SIMON BROWN, SURREY 

ALEXIS REMUS, IPN ORSAY 


