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Motivations 1

understanding the r and s processes

• Neutron-induced reaction cross sections of short-lived nuclei - σn,γ σn,n’  σn,f

applications in nuclear technology and medicine

Chart of nuclei and the paths followed by the different nucleosynthesis processes. 
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Challenging to measure:

Challenging to calculate:

n

Radioactive targets : 
difficult to make and handle

n
Z,A

Free neutron targets : 
not available

Z,A

De-excitation calculations need fundamental 
quantities: NLD, Bf, γSF,…

n
Z,A Z,A+1

+

γ-ray emission

neutron emission

fission



The surrogate reaction method 2

Step 1: Formation Step 2: De-excitation

n
Z,A

Z,A+1

Z,A

Z,A+1

n’

+

γ-ray emission

neutron emission

Pγ

Pn

Pf

fission

neutron-induced:
not feasible

z,a

surrogate:
feasible

Z’,A’

z’,a’

determination of Pγ(E*), Pn(E*) and Pf(E*).

Probabilities
Px(E*)

Constrain 
models

Cross-sections
σn,X

Model 
parameters
NLD, Bf, γSF,…

E* = f(Ebeam, Eejectile, θejectile)

Thick 
target

Target 
window

Beam
Δθ

Difficult to achieve in inverse kinematics

E* energy resolution needed ~ a few 100 keV



Heavy-ion storage rings 3

Gas jet target:

windowless, pure and thin target

High quality beam:

electron cooling technology: beam energy spread and 
size are restored after each passing in the target.

neglect energy loss and straggling effect in the target
E* = f(Ebeam, Eejectile, θejectile)

ultra-low density target (1011 to 1014 atoms/cm2) 

+
revolving frequency of the beam (106 Hz)

→ high enough effective thickness 

Beam 
injection

Dipoles

Electron 
cooler

Gas-jet 
target

Revolving ions 

Ultra-high vacuum:
10-10 to 10-12 mbar



NECTAR experiments at the ESR

June 2024

238U + d

238U(d,p)
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p + 239U* 
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Simultaneous measurement of neutron, gamma-ray, fission, two-neutron and even three-neutron emission 
probabilities as a function of the excitation energies E* of 238U and 239U.
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NECTAR experiments at the ESR

Unreacted
beam

Beam
238U92+ at 
17 A.MeV

Fission 
fragment 
detectors

60°

Gas-jet Target, 
D2

Beam-like 
residue detector

Target-like 
residue detector

Beam injection
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Electron cooler
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Results

𝑃χ 𝐸
∗
=

𝑁c, χ 𝐸
∗

𝑁𝑆 𝐸
∗
∙ εχ 𝐸

∗

For a given decay mode χ :

60°

Ns  , E*

Nf , εf

Nc,γ , εγ
Nc,n , εn

Nc,2n , ε2n…

Determining probabilities 
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Results

60°

Target-like 
residue detector

𝑃Χ 𝐸
∗
=

𝑁Χ 𝐸
∗

𝑁𝑆 𝐸
∗
∙ εΧ 𝐸

∗

Deuterons: 238U(d,d’)

Protons: 238U(d,p)

Target-like residue identification plot

Preliminary
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Results 8

60°

Beam-like 
residue detector

𝑃𝑓 𝐸
∗
=

𝑁γ, 𝑛, 2𝑛, 3𝑛 𝐸
∗

𝑁𝑆 𝐸
∗
∙ εγ, 𝑛, 2𝑛, 3𝑛 𝐸

∗
238U(d,p)

E*max = 26 MeV Coincidence with 
one telescope strip 

Sn

S2n

S3n

Preliminary

238U - n emission
100% efficiency!

237U - 2n emission
100% efficiency!

236U - 3n emission
~ 50% efficiency

Beam

239U - γ emission
100% efficiency



Results

Preliminary probabilities

238U(d,p)
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E*max = 26 MeV

First measurement of P2n and P3n
First simultaneous measurement of all decay channels up to E* = 25 MeV  



Conclusion and perspectives 10

❖ Surrogate reaction method → obtain σn indirectly with
experimentally feasible reactions

❖ Heavy-ion storage rings provide outstanding efficiencies and high 
precision data  

Short and long-term perspectives:

➢ Cross section calculations

➢ Next experiment scheduled in 2027 to 
study 205Pb and 206Pb at the ESR with 
a dedicated reaction chamber 
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