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% What will | be talking about?

1. Motivation

* Neutron induced reactions
2. The surrogate method

3. Why Storage rings? — NECTAR project
* ESR storage ring in GSI/FAIR
* Experimental setup
* Results of **®Pb and **®U experiments

4. Conclusions and future outcome



o
(2) Neutron capture cross sections are hard

* Neutron-induced reactions are some of the
most interesting nuclear reactions:
* sand r process nucleosynthesis
* Reactor cycles and waste management
* Medical isotope production

* Currently neutron induced reactions are
impossible in inverse kinematics

* Theoretical predictions vary by orders of
magnitude



% How to measure neutron cross sections?

* We shoot neutrons at the nuclei Neutron reaction
* Heavy nuclei and E, < few MeV .__.
n Compound
* 2 step process: A Nucleus

* Formation of compound nucleus
(CN) A+1

* CN decays via competing channels
r' . i,

Fission Gamma
emission

Neutron
emission
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* We shoot neutrons at the nuclei Neutron reaction
* Heavy nuclei and E, < few MeV ._..
n Compound
* 2 step process: A Nucleus
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* Oy by measuring of decay modes:

* Fission products (easy)

* Gamma rays (hard) Fission

o Neutron
* Neutrons (extremely difficult) emission



% How to measure neutron cross sections?

* What if nuclei are radioactive? Neutron reaction
* Making or handling can be @
. . H
impossible n Compound
A Nucleus
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% How to measure neutron cross sections?

* What if nuclei are radioactive? Neutron reaction Surrogate reaction
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* Different 2-body reaction that

forms the same CN A+1*
* Light residue used to calculate a/ l \
excitation energy .»
-8

Fission

o . i,
Gamma

emission
Neutron

emission



% How to measure neutron cross sections?

* What if nuclei are radioactive? Neutron reaction Surrogate reaction

* Making or handling can be b
impossible Compound

Nucleus

* Surrogate method
* Different 2-body reaction that

forms the same CN A+1*
* Light residue used to calculate e/ l \
excitation energy .—»
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* We can measure probabilities:

.r' ."""‘M

Fission Gamma

* Can be used as an input for theory Neutron emission

to constrain gSF, NLD etc. emission



CZ) Surrogate reactions in inverse kinematics

gamma

* Serious limitations in direct kin.

mission
* Target availability, gamma/neutron ‘
measurement, background Compound
Nucleus A+1 / Neutron
gmission
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U
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“target-like” !
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% Surrogate reactions in inverse kinematics

* Serious limitations in direct kin.

* Target availability, gamma/neutron

measurement, background Compound
Nucleus A+1
®-

* Inverse kinematics:

* Access to RIB

* Heavy products escape target, boost in
efficiency

* Can measure P,

“target-like”
residue
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% Surrogate reactions in inverse kinematics

* Serious limitations in direct kin.

* Target availability, gamma/neutron
measurement, background Compound

Nucleus A+1
l U

®-
* Heavy products escape target, boost in A
efficiency

* Inverse kinematics:

* Access to RIB

* Can measure P,

* lower E* resolution, Low beam targe;hke
intensity, straggling in the target. residue

* Our solution: Heavy lon Storage Rings
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gmission
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% Why Surrogate reaction in Storage Rings?

Electron cooler at the ESRin GSI Darmistadt

Al
—
'r"'_l:.‘-..

* Access to high quality, fully
stripped radioactive beams

* Beam can be decelerated, cooled
and fine tuned to desired energy

* Ultra-thin gas jet target (10'* cm™)
— Pure target, now windows
- Negligible straggling
- Energy restored by e-cooler

* Effective thickness multiplied by
~MHz ring frequency
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FAIR

Fission
r’::’:? detectors.:_= 5 ][

D, target i

. : L ¥

At the ESR ring in GSI/FAIR in z§3$—>\ —
Darmstadt we did 2 experiments: Y,

p 17 A MeV 'l' % Target- I|ke/
! detecto;'

First proof-of-principle in 2022 2%pp32*

onH, at 30 AmeV f O——00=0

)i i i Gas target
(p,p’) inelastic scattering as a
surrogate to **’Pb+n K

| ' - .
2381J92+ on D, at 17 AMeV Revolving

Second proof-of-principle In 2024

A ions %
\ &
- Two reactions: (d,p) transfer % & . Unreacted
as a surrogate to #*U+n & &  beam f
i ;.9
- and (d,d’) inelastic as a surrogate \\.___ PR o s v, IVROR ,/ g

to 237U+n
e- cooler ) 14



% NECTAR experiment at the ESR

Formation and
decay of compound
nucleus (~102°s)

238U92+

17 MeV/n

Telescope

Target-like
Z

Identification
and Excitation
energy of CN
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NECTAR experiment at the ESR

Fission fragments

decay of compound
detector

nucleus (~102°s) /

238| J92+ Gam_ma_and ne_:tron
emission residue

17 MeVin move together with
unreacted beam

Target-like
Z

Formation and |

>

Telescope

Identification
and Excitation
energy of CN
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NECTAR experiment at the ESR

Formation and o Dipole magnet
decay of compound Fission fragments separate nuclei with
nucleus (~102s) / detector different rigidity

>

238| J92+ Gam_ma_and ne_:tron
emission residue

17 MeVin move together with
unreacted beam

Target-like é
Telescope @ Decay residues are

deflected more and hit
heavy residue detector
Identification
and Excitation
energy of CN
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NECTAR experiment at the ESR

Formation and o Dipole magnet
decay of compound Fission fragments separate nuclei with
nucleus (~102s) / detector different rigidity
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emission residue
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NECTAR experiment at the ESR

Formation and
decay of compound

nucleus (~102°s) /

Fission fragments
detector

Dipole magnet
separate nuclei with
different rigidity

>
238192+ Gamma and neutron lons that capture electron
emission residue are deflected less and are
17 MeVin move together with removed
unreacted beam
Target-like & 5 i r Unreacted
Telescope ecay resiaues are _ beam stays
deflected more and hit ) :
in the ring

heavy residue detector

Identification
and Excitation
energy of CN

We can identify decay
channel by position

on the HR detector 19



How to get the “°°Pb(p,p’) decay probability?

- Target-residue dE vs E
spectra

* We select the reaction based on
the signals from telescope

Eloss [keV]

* We calculate excitation energy E*

'"", H
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How to get the “°°Pb(p,p’) decay probability?

Target-residue dE vs E
spectra

* We select the reaction based on
the signals from telescope

Eloss [keV]

* We calculate excitation energy E*

* We look for coincidences in

[

fission detectors or beam-
residue detector

0 5000

/. |Beam-residue position

B 7P after
1-emission

N. (E*
P,(E") = f’x( ) *
NS(E ) ) gx(E ) .

0
Efficiency ~33-100%! Effi ciency 100%!
~ Max 20 % in direct kinematics 0% in direct kinematics...
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21




% Results of 2°Pb(p,p’) experiment
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z Preliminary results 2U(d,p)
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fission probability of °U
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% Preliminary results #*U(d,p)
fission probability of -°°U

* 233U(d,p,f) Probability

* First time fission
studied in storage ring

* Efficiency for fission is
about 47%

* 15t 2" 3nd 3" chance
fission

o
[}

239U Fission Probability
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% Preliminary results for beam-residue
detection of 2%U(d,p)

Preliminarv results for heavv-residue detection

23892+ residues from

* We can identify y-
emission and n,2n,3n
emission!
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Storage rings offer the ideal conditions to investigate
surrogate reactions

ESR ring and pure gas-jet target enable to measure
for the first time fission, gamma, one two and three
neutron-emission probabilities!

Next experiment (2027) infer n-induced cross section
for 2©Pb, our first experiment with radioactive
beams, new gas target, better resolution and more
solid angle
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