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?) Why we do surrogate reactions?

* Indirect way of determining cross sections
for reactions that otherwise cannot be
measured

Neutron capture cross sections of radioactive nuclei

* Neutron-induced reactions are some of the
most interesting nuclear reactions

* s, iand r process nucleosynthesis
* Study of Fission and nuclear structure

* Medical isotope production

* Reactor cycles and waste management



?; 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,

Gamma
emission

* 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 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 .—»
-8

* We can measure probabilities:

.r' ."""‘M

Fission Gamma

* Can be used as an input for theory Neutron emission

to constrain gSF, NLD etc. emission



?; Surrogate reactions in inverse kinematics

Gamma
emission

* Serious limitations in direct kin.

* Target availability, gamma/neutron
measurement, background Compound

Nucleus A+1 Neutron
. % emission
d

* Heavy products escape target, boost in A

efficiency “‘

* Inverse kinematics:

* Access to RIB

Flssion
* Can measure P,

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

* Our solution: Heavy lon Storage Rings



?; Why Surrogate reaction in Storage Rings?

. . 1012 mbar injection
radioactive beams J

* Beam can be decelerated, cooled and ,

fine tuned to desired energy I

* Access to high quality, fully stripped UHvacuum  Beam \

Electron
s & cooler

()

Revolving ions

* Ultra-thin gas jet target (10'* cm™)
negligible energy loss restored by
electron cooler

* Effective thickness multiplied by
~MHz ring frequency

* But the system must be compatible
with UHV 6



(2) ESR ring at the GSI/FAIR in Darmstadt
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NECTAR experiment at the ESR . detortors

D, target |f,::',::"

: MallE:

* Two experiments performed at ESR ?;32: —>?\<: -
' %

%

* First proof-of-principle in 2022 *°*Pb®* on Target-like /”
H, at 30 MEV/U detecto;’

II -_ '_'l\ }'I I
M. Squazzin et al., Phys. Rev. Lett. 134 (2025) 072501 f \

]
I
17 A MeV ,-'
]
I
l

M.Sguazzin et al., Phys. Rev. C 111 (2025) 024614 Gas target
* Second proof-of-principle In 2024 #**U®** ¢
on D, at 17 MeV/u Revolving
g ion
3 ions F
S XS bea
S Q
by /f W §'
\S—é A H A /

e- cooler 8



% 2024 Uranium experiment

 Deuteron inelastic scattering

Surrogate for n + 37U

* Neutron transfer reaction

Surrogate for n + 238U

238(d,d") 238 +y

7
238 )+ —p d' + 238| J* _n> 237J + n
f

238U(d’p) 239U + y

2N

238U + d I p1 + 239U* ' 237U + 2n
3N

236 + 3n




% 2024 Uranium experiment

 Deuteron inelastic scattering

Surrogate for n + 37U

238U(d,d’) y/v 238( J + y
238 + d —p d’ + 288Y* _n> 237J + n
f

* Neutron transfer reaction

Surrogate for n + 238U

238U(d’p) 239U + y

2N

238U + d I p1 + 239U* ' 237U + 2n
3N

236 + 3n
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% NECTAR experiment at the ESR

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

—

238U92+

17 MeV/n
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% NECTAR experiment at the ESR

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

238U92+

17 MeV/n

2

Target-like
Telescope
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% NECTAR experiment at the ESR

Fission fragments

decay of compound
detector

nucleus (~102°s) /

238U92+

17 MeV/n

Formation and |

2

Target-like
Telescope
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NECTAR experiment at the ESR

Fission fragments

decay of compound
detector

nucleus (~102°s) /

238| J92+ Gamrna_and ne_:tron
emission residue

17 MeVin move together with
unreacted beam

2

Target-like
Telescope

Formation and |
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NECTAR experiment at the ESR

Fission fragments

decay of compound
detector

nucleus (~102°s) /

Formation and |

>

238| J92+ Gam_ma_and ne_(l;tron
emission residue

17 MeVin move together with
unreacted beam

2

Target-like
Telescope

Dipole magnet
separate nuclei with
different rigidity

Unreacted
beam stays
in the ring
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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:(l;tron
emission residue

17 MeVin move together with
unreacted beam

& : Unreacted
Decay residues are beam stavs

& deflected more and hit ) ay

in the ring

heavy residue detector
Target-like
Telescope

Beam-like residue

detector
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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:utron
emission residue

>

lons that capture electron
are deflected less and are

17 MeVin move together with removed
unreacted beam
& : Unreacted
Decay residues are beam stavs
& deflected more and hit ) ) y
in the ring

heavy residue detector
Target-like
Telescope

Beam-like residue

detector
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(2) Detectors design

I Fission

2

ol
®
Telescope %




(2) Ultra-high vacuum compatible pockets

I Fission

2

%
Telescope %




% Target-like residue detector (Telescope)
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7000
6000 :— —60
- 2" kin. solution
5000} —150
4000 Deuterons 40
3000 - 30
- Protons ]
- Elastic
2000} Deuterons 20
1000f— 10
S
[ ] ] I 1 1 | 1 ] ] ] | ] 1 1 ] I ] ] ] ] | 1 1 1 1 I ] ] ] ]
05 1000 2000 3000 4000 5000 6000 7000 °©

Energy deposited in E detectors (ch)

Excitation energy resolution Og* (MeV)

Counts

2000

1500

1000

o o e
[+ I -

o o
=

<

2500

500

Deuterons

Protons

P TR TR N SR NN SR N NN N |
15 20 25

0

Excitation energy [MeV]
%++ b) I Simulations
Rt ¥
3 | f t |
= t i
= r
= . "
= b, .,
E_ Sn SZn S?.n ’
E— 0 =5 a0 25

Excitation energy of 23°U (MeV)

21



<2) Fission fragments detectors

===w==— [0p Fission Detector

T

Target Setup Side Fission Detector

»
' ~
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‘ o
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% Fission fragments detector

Experimental results Simulated distribution
<4 — 3000
§ 4000 s 5 T
> =
9 —
g 3500 z
) —30 &
€ o
GE} 3000_ *qC: -
= —25 % -
= 2500 g i
c =
? 20 § i
i 2000 @ —
LI- B —_ —
15 [ SR . T =i
1500 - o - RE LT =
E_= 5-'__-“-:-:;“1!-_:;::-- - '—\._'15::;_:::/
e = F T - T e -
1000 10 FTEET T - e FE
- [ e EEEE
5 500 == e T
500 =
[ | 7\\Illl\\I‘II\I‘\I\Il\\_\\llll\_‘l\ll‘l\\l‘
0 20 50 60 70 80 ° O"""J0 20 30 40 50 60 70 80
Side fission detector vertical strip (n°) Side fission detector vertical strip (n)

First ever Fission measurement in heavy-ion storage rings!

» Heavy fission fragments

Center Center Laboratory
of Mass of Mass
1 A
Pcm,Iight ch,light
0.5 1 VI,Iight

\"/

cm,heavy

J ' cm,heavy



% Beam-like residue detector, #**U(d,p)

* Without coincindeces (singles)
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% Beam-like residue detector, #**U(d,p)
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% Beam-like residue detector, #**U(d,p)

* Beam-like residue 1
position as a function 3
of Excitation energy s
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<2) Beam-like residue detector, #**U(d,p)

* Beam-like residue
position as a function
of Excitation energy

* We can identify y-
emission and n,2n,3n
emission!

* Very high detection
efficiency!

* All possible decay
channels measured
simultaneously!
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Counts (coinc)
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z Comparison with the n-induced calculations

Done by
Pascal
Romain

To access preliminary results, please contact the
author
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Preliminary probabilities of #2U(d,p)

Comparison with the (d,p)-induced calculations

To access preliminary results, please contact the
author

Sn S2n S3n

=42~
J
-3

2n
3n

v U_U_U

Calculation by

Gregory Potel,

Experimental
resolution
included
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Plans for the future — radioactive beams!

* 2027 NECTAR experiment will
study 2°°Pb* with two reactions

* **Pb(p,p’) and **Pb(d,p)

* 205Pp radioactive beam produced
by 1n removal on Au target

* Motivated by astrophysics and
nuclear technology

* 205Pph as a cosmochronometer for early Solar
System

* Accelerator driven reactors

. stable =—lp S-process path
D B -decay = = r-process decay

[[] e-capture e bound-state B -decay

[] o-decay

a-decay

[] s-only = e-capture
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’ NAX—PLANCK—INSTITUT
. .o K
2) New reaction chamber at the ESR g \)\ fUR KERNPHYSIK

. ONOF
o %) A

Solid angle increase
by a factor of 230!!!

O’ :



[
2 Conclusions and perspectives

* Storage rings offers unique conditions to investigate
surrogate reactions, pure gas-jet target,

* For the first time fission, gamma, one two and three
neutron-emission probabilities measured

* Next experiment (2027) infer n-induced cross section
with ?®Pb(d,p) and ?°°Pb(p,p’) , our first experiment
with radioactive beams,

* New reaction chamber and gas target, better
resolution and more solid angle
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