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To be able to resolve gamma rays from high-spin states

in deep-inelastic reaction products one had to wait until the 

advent of the efficient germanium gamma-ray arrays.



Gamma-ray arrays based on Compton supressed Ge detectors
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Measuring gamma rays from deep-inelastic reaction

products by using the thick-target technique



Detailed product yield distribution from gamma-gamma coincidence

data measured with the thick-target technique for the system:
64Ni + 208Pb at 350 MeV
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New developments in the gamma-ray spectroscopy

of deep-inelastic reaction products:

magnetic spectrometers coupled to germanium arrays
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Large-acceptance spectrometer VAMOS 

coupled to EXOGAM Ge array at GANIL, Caen (France)
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The map of product yields for the reaction
82Se (505 MeV) + 238U

investigated with CLARA+PRISMA at LNL Legnaro
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82Se + 238U
N/Z equilibration line

for 82Se+238U

89Rb
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We have the method that enables the studies of  high-spin

structures in neutron-rich nuclei – it relies on using deep-inelastic

processes and two detection techniques:

a) thick-target technique with large germanium arrays

or

b) thin target  technique with magnetic spectrometers

coupled to germanium arrays.
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N/Z equilibration line

for 48Ca+238U
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Does the sub-shell closure occur at N=32 in neutron-rich nuclei?
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Conclusion: The sub-shell closure at N=40 occurs in Ni nuclei, making the 68Ni

nucleus „almost” doubly magic.

This closure, however, is rather weak and restricted to the close

proximity of 68Ni.

68Z=20
shell gap
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magic 208Pb as a laboratory for 

studying shell model effective

nucleon-nucleon interactions



Investigations in the region of doubly-magic 208Pb

by employing deep-inelastic reactions and the  g-g-g coincidence

thick-target technique
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Yrast structure of 206Bi studied by using the 76Ge+208Pb reaction and gamma-

coincidence thick target technique (GAMMASPHERE at ANL).

208Pb

206Bi

4 N. Cieplicka et al., PRC 86, 054322 (2012)



Identification of high-spin structures in nuclei located

„south-west”of 208Pb from the g-g-g coincidence

thick-target experiments

204Tl204Hg
G. Lane et al., to be published
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Identification of high-spin structures in 

nuclei located „south-east”of 208Pb 

from the g-g-g coincidence thick-target 

experiments (GAMMASPHERE at ANL)

G. Lane et al., Phys. Lett. B 606 (2005)G. Lane et al., Nucl. Phys. A682 (2001)B. F. et al., Phys. Rev. Lett. 87 (2001) B. F. et al., Proc. Vietri Conf. (2010)
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Comparison of high-spin structures

around 208Pb with results of shell-model 

calculations using realistic, effective Vlow-k

interaction

4 B. Szpak, R.V.F Janssens,

B.F., (to be published)



Can high-intensity heavy-ion beams be of advantage for doing

prompt, discrete gamma-ray spectroscopy with deep-inelastic

processes?

Spectrometer

Gamma-ray array coupled to a magnetic

spectrometer: g-product coincidences

Limitation here is the spectrometr: can work

with a beam current of a few tens of pnA

AGATA

Gamma-Ray Array

Limitation is given by the high counting rate

limit of individual Ge detectors. 

With digital electronics one can run with a 

beam current of a few pnA.

Standalone gamma-ray array

g-g-g coincidences

AGATA
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Products around doubly magic 48Ca investigated with prompt

gamma-ray spectroscopy by using deep-inelastic reactions
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for prompt gamma-ray
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Can high-intensity heavy-ion beams make available even more

exotic n-r species for the prompt, discrete gamma-ray

spectroscopy with deep-inelastic reactions?



In 2008, a research program aimed
at prompt gamma-ray spectroscopy with S3

was introduced by Faical Azaiez under the title:
“In-beam gamma spectroscopy of neutron-rich nuclei 

studied with EXOGAM and PARIS 
at the intermediate focal plane of S3 ”

The idea relies on studying prompt gamma rays in the 
products of  two-step deep-inelastic ractions: 

secondary reaction would be induced by DI reaction
products emitted around 0 degree in the first reaction.

Let’s see how it might work!



high intensity

beam

(~10 AMeV,

~ 30 000 pnA)

from LINAC

18O +  238U X

(e.g. 18C)
high power 

rotating 

target

+  238U

separation of 

deep-inelastic 

secondary 

beams

+   U-like

partner
Y      

(e.g.20C)
secondary 

DI reaction

in-beam gamma

spectroscopy

of 20C
(EXOGAM,

PARIS)

primary

DI reaction

The idea of Faical Azaiez

on employing „two-step DI reaction”

S3 Separator



DEEP-INELASTIC  HEAVY-ION  COLLISIONS

Wilczynski Plot
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48Ti
48Ti + 208Pb
Elab = 300 MeV
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Reaction
14N + 159Tb

6.6 MeV/A

10 MeV/A

8 MeV/A

12 MeV/A

17 MeV/A

14N

12B

12B

4 G.H. Balster et al., Nucl. Phys. A 468, 97 (1987)

Angular distributions



Reaction
14N + 159Tb

14N

4 G.H. Balster et al., 

Nucl. Phys. A 468, 97 

(1987)
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Nuclei available for in-beam discrete gamma-ray spectroscopy

in single-step deep-inelastic reactions of 18O on 238U 

measured with AGATA+PARIS+VAMOS

18O

Nuclei available for in-beam discrete gamma-ray spectroscopy

in two-step deep-inelastic reactions induced by 18O beam on 238U targets

measured with S3+EXOGAM+PARIS



 Exploring exotic excited nuclei decay modes with 
correlation measurement (with two-step multinucleon transfer 

reactions induced by a 36S beam)

P. Marini, I. Stefan, F. Azaiez

 γ-spectroscopy of neutron-rich C, N, O and F nuclei 
around A=20 produced in two-step multi-nucleon transfer 
reactions with S3

B. Fornal, S. Leoni, I. Stefan, A. Maj

for the PARIS, EXOGAM and S3 Collaborations

Letters of Intent for S3



 Discrete in-beam prompt gamma-ray spectroscopy with 
deep-inelastic reactions turned out to be efficient in 
elucidating high-spin structures in neutron-rich nuclei.

 Discrete in-beam prompt gamma-ray spectroscopy of high-
spin structures in products of deep-inelastic reactions
might benefit from high intensity beams by applying the 
two-step reaction technique.

Conclusions and Outlook
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Maria Skłodowska-Curie

1867-1934

Nobel Prizes: 

1903 – physics

1911 – chemistry

A quote from Maria Sklodowska-Curie: 

A scientist in his laboratory is also a child

confronting natural phenomena that impress

him as though they were fairy tales. 


