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Neutron Pathways to Nucleosynthesis
v The r process capture rate > decay ra te
(neutrino-wind, NS mergers, jet-SNe, etc) = rapid capture: r-process
Nn 102°n cm3; decay rate > capture rate

= slow capture: s-process

v The n process
(explosive He-burning in CCSN)
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in massive AGB stars and super-AGB stars I 1 _ '\B 0@56

Nn < 104 n cm3; &
Ni d NN AN \

v The s process AN \ _

(s process in AGB stars, s process in massive stars e B é\ branching point

L k\
and fast rotators) VA s-process path

Nn < few 102n cm3. seed for s-process

Mid Term Plan in Italy

'C)



Nucleosynthesis processes beyond iron

Experimental nuclear data at 1' peak
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Nucleosynthesis processes beyond iron

Experimental nuclear data at 2" peak
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How good are models?

O. Hall et al., Physics Letters B,816, 136266 (2021) 1
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Nucleosynthesis processes beyond iron

Experimental nuclear data at 1t peak
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Nucleosynthesis processes beyond iron

Experimental nuclear data at 2" peak
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Nucleosynthesis processes beyond iron

Decay Station 3D rendering of the structure:
- 2 chambers connected via same tape system
- Top chamber dedicated to decay studies:
- Plastic det. For betas and HPGe for gammas
- - Bottom chamber for EO and EC measurements:
- MOS system coupled to cooled Si(Li) 134(g

| MG

- »,
* |[mplantation and decay in the same measuring point
* Equipped with HPGe for y and Plastic (or Si) for 3 particles
* Trigger given by proton arrival and 3 signal

PHASE A S A )
* Long-living activity is removed by moving away the tape



Nucleosynthesis processes beyondieon gl
Use of SPES HRMS for isobar purification

Teresa Kurtukian-Nieto

Nuclear Physics Mid Term Plan in Italy — LNL Session

Rb s
. 1rst order calculation:
10 No energy spread/misalignment included
HRMS Ki A=88
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Tape . 4
station : *f | | . Y 1.1210* 106.626(21)d  +4 014
0 | | | As 1st day UCx 5pA
|
1+ |
- l :
Area NN TN NN (T | A I
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Measurement of the decay characteristics

Tape transport system
\ ) \___/ Mylar tape Beam-on/off time sequence

B-v, y-y coincidence for p decay studies

detection
< & - B plastic scintillator
ﬂ! - Y germanium
% Can be coupled with a neutron-detector (NEDA)

v Pn of the nuclei of interest.
£212 v’ neutron-gated y-ray spectra

« cycle length: \ /

«Half-lives 1T1/2 +95 T1/2 + Tt
‘BR 1Ty + 3T+ T,




Nucleosynthesis processes beyond iron

Experimental nuclear data
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Nucleosynthesis processes beyond iron

Decay schemes for (n,y) cross- sec'rlons
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Nucleosynthesis processes beyond iron

Activation measurements of isotopes of interest ‘0 , , , , ,
for the s-process 8 ENOF/B V10  ROSFOND
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Comparison W"‘E e";e"me"tal observed MACS calculated uncertainties of several stable and most of
ABHASAREES the unstable isotopes are higher than the requested accuracy
(for s-process: 3-5%).




Nucleosynthesis processes beyond iron

Activation measurements of isotopes of interest
for the s-process
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Mastinu, P.F.,Martin-Hernandez, G.,Praena, J., 2009.Nucl.Instrum.Methods.A 601, 333.



Nucleosynthesis processes beyond iron 14 H

Activation measurements of isotopes of interest for the s-process

Produce and measure Maxwell-Boltzmann-like
neutron spectrum at different kT

Proton

energy
shaper

Proton
energy

. 88
PHASE A Case of study: 38Sr

PHASE B

&

AN IdE (ke ")

0005 / 3
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1 Meutron specirum |
== Fit bo MBNS for kT = 30 ke |
2 Meutron spectrum 1l
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PYSim
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Theoretical

neutron energy
spectrum

Experimental
neutron spectrum
measurement
validation
@ CN accelerator

*

Activation measurements to determine the MACS of
isotopes of interest at different thermal temperatures.

Gold activation measurement

Irradiating a sample (sandwiched between two Au foils)
to measure the MACS respect to the Au

7

o

Reference
measurement
MACS of gold

(Au-197)

(absolute measurement committed
by IAEA)

irradiation of radioactive targets produced at SPES

Benchmark
measurement

MACS of yttrium (Y-89)
or zirconium (Zr-94)

Well measured MACS
Moreover, the same reaction will

be done at CERN n_TOF irradiation
facility for comparison
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Neutron capture cross sections via surrogate reaction approach

Also
@ - @ 3He,*He
AW (o)—p
“Desired” reaction

A S,27-10

MeV

6+
4+

N(d,py)
E EVGN(E.) = E 2+
O’n}f( n) ( n) Y ( n) J ( n)gN(d ) N

s A+1
N+1
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Neutron capture cross sections via surrogate reaction approach

What we measure:

P(d, PO FQA, S s (E AR G(E 1. 0.9

Decay of the
, formed
Entry state correction:
, ] compound
spin-parity distribution
nucleus

I
needed!! (can be calculated)

What we want:

P(NIRA , S 0o (EJ. D) G(E,J,p.0)
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1
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8Kr(d,p) w/ Ex=10 MeV, just above S,

85Kr branching e D e sl e

6(85Kr) = (55 + 45) mb

When t; ~ 1, > several paths are
possible

-

r’ When 22Ne neutron source is active

At high neutron densities (5 x 108 n/cm3),
about the 80% of the flux goes through
85Kr, allowing the production of 8°Kr and
87Rb:

--> 87Rb in AGB stars in an indicator of

the neutron density!

86Kr, 87Rb, and 38Sr are all magic, with low
neutron capture cross sections
v In low-mass stars: 88Sr produced
N=50 v" In massive AGB: 87Rb




Nucleosynthesis processes beyond iron

SPES reaccelerated beams

Exp Hall 1l

Tandem-Piave-Alpi
Accelerator complex

SPES ISOL source

PRISMA  GALILEO
Exp Hallsl and Il

mﬂ%%% 2 EH{& [https:/iweb.infn.it/spes/]

&
uumum (R
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Targets

BH D, 3He

¥ Dense: up to ~10%
huclei/cm?

® Havar window

® Compativle with

particle det.

CTADIR
PRIN Giovani
A.Gottardo et al.

® Hydrogen (h,d) target in a solid
phase near triple point (~17K)

® Thickness 50 — 200 pm

® No window - C free

® Continuous flow in vacuum 2-
10mm/sec

® Compatible with particle detection
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Neutron capture cross sections via surrogate reaction approach

S Process I process
(n,y): B 123.131-134131| 133G|
PSe, ®L9Kr, ®Rb, ®Zn, *Sn, B Ni, Cu, Zn, Ga, Ge, As

%4Cu, %Ag, 1°°Pd, and *Sn and many more

v v

2 Collaboration with ORNL/Rutgers
Univ. (exp) and NSCL (theory)

2 2 Lols presented at the 3" SPES
workshop in 2016

2 Commissioning tests needed with
stable beam

= collaboration with INFN Pg and INAF
Teramo

2 2 Lols presented at the 3 SPES
workshop in 2016

= Tests proposed at LNL
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Instrumentation

. _ ACTAR-TPC + ANCILLARY DETECTORS
Traditional gamma/particle spectroscopy

but state-of-the-art tech. - Si-Csl telescope
LaBr3/CeBr3 for y-tagging

_— telescopes

" counter

.A." 'o"T/‘_ \.'

- 1 Crégit photlf CEAYENRS. P. Stroppa

PHASE B/C



Nucleosynthesis processes beyond iron

Experimental nuclear data
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Nucleosynthesis processes beyond iron

(a, n) reactions with reaccelerated SPES beams and SUGAR

106 E ASTROPHYSICAL JOURNAL, 927: , 2022 Marc
’ THE A ] 927:116 (8pp), 2022 March 1
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Nucleosynthesis processes beyond iron

(a, n) reactions with reaccelerated SPES beams and SUGAR
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L or weak r-process 88Br(a,n)*'Rb %Y (a,n)®®Nb

J. Bliss et al., Journal of Physics G: Nuclear and Particle Physics 44, 054003 (2017)

TALYS 1.6 considered 909 (alpha,n) reactions on stable andneutron-rich nuclei between Fe (Z=26) and Rh (Z=45).
masses, which were taken from data table if available, or from the FRDM otherwise.
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The production of molybdenum in stars: a nuclear astrophysics challenge
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The production of molybdenum in MHD SNe SUGAR@LNL coupled with NEDA

Element Reaction Rate varied R(i) Tracer

Mo 807Zn(a,n) 100 0.326, 0.224, 0.099 3,6, 1
(Z=42) $1Ga(a,n) 100 0.234, 0.034 8, 3
2Ge(c,n) 100, 0.01 0.108, 0.110 8
7n(a,n) 100 0.195, 0.149, 0.066 3,6,
"8Zn(a.n) 100 0.173, 124 3.6
*1Zn(a.n) 100 0.119, 106, 0, 063 3,6. 1
“Ge(a,n) 100 0.094 8
Ga(a,n) 100 0.086 8
0Ga(a,n) 100 0.072 8
81 Ge(a,n) 100 0.059 8
YSe(a,n) 100 0.049 2 —
% As(a.n) 100 0.045 2 B IJJ
88Ge(a,n) 100 0.028 2 E——
121Te(av,n) 100 0.020 6 =
Te(an) 100 0.018 6 -
**Nb(c.n) 0.01 0.016 6
Nb(a.n) 0.01 0.011 6
"*Mo(a.n) 100 0.010 6

PHASE B
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12C PRODUCTION IN EXPLOSIVE SCENARIOS

r-process escenario

12C is the seed nucleus for the creation of heavier nuclei (A=50-80)

Binary system of two neutron stars. Site where r-process
12C formation can take place

Triple alpha process A

*He(nn, y )°*He(a,n)’Be )

E. Pian et al, Nature 551,
67-70 (2017)

.
*He(an,y \’Be |
o | 9Be(a,n) 12C

Favored by a
factor ~10
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9Be(a,n)12C

- Direct kinematic. °Be target.
- For instance: detector GRIT (charged particles and NEDA (neutrons) .

Possible coincidence n - 12C

e q+ot+a+n
Q=-1.57 MeV

e SBe+n+a
Q=-1.66 MeV

e °He+ 2a
Q=-2.31 MeV
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9Be(a,n)*2C

Inverse kinematic. “He target. 9Be beam at LNL???

PHASE C

Teresa Kurtukian-Nieto Nuclear Physics Mid Term Plan in Italy — LNL Session

Gas target ( CTADIR or )
For instance: detector GRIT (charged particles) and NEDA (neutron).
Possible coincidence n - 12C

e q+ata+n
Q=-1.57 MeV

e 8Be+n+a
Q=-1.66 MeV

e °He+2a
Q=-2.31 MeV




Nucleosynthesis processes beyond iron 0 ||

Teresa Kurtukian-Nieto Nuclear Physics Mid Term Plan in Italy — LNL Session

4He(nn,y)°He
- Inclusive Coulomb breakup of *He Reaction rate “He(nn,y) ¢He
on heavy target J, Casal ot al. Frys. Rov C 93

For instance: detector GRIT (charged particles)

- Exclusive breakup measurements ¢He+A
For instance: detector GRIT (charged partlcles) and NEDA (neutrons).
Possible coincidence n - *He i

- Study the reaction He(*He,y)!’Be
The ¢He+He cluster structure of 1°Be is under study at the LNS with a ?°Be beam

For instance: detector AGATA (gamma) 6He(*He,y)°Be  Q=7.4 MeV

PHASE C Gas target ( CTADIR or SUGAR) SHe(*He,n)’Be 0= 0.6 MeV
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SUMMARY

v" Decay properties of neutron-rich nuclei at the first and second r-process peak : T, ,,, Pn, decay

schemes

1/2

v Neutron capture cross sections :
v’ s-process : activation measurements and surrogate reaction approach
v" i-and r-process nucleosynthesis via surrogate reaction approach

v Abundances of the elements at the first r-process peak: (a,n) reactions

v R-process seeds: 9Be(a,n)2C; 4He(2n,y)°He

For a very long term: fission of heavy neutron-rich
Separator able to cope with overlapping A/q
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Measurement of the 34Cs excited state at 60.03 keV, whose

SPIN is not known: it is currently identified as (3)+. sty Ssle  sTAaie
It may be 3+, 4+ or 5+. s
- Population via b-decay not viable == s 5 secs
. » - 2y +6y 1 30.08y
- Access via different technique pesooon  Betmooon Be .
- MOS technique could help accessing =
low-energy state B ,1,;‘};,";2, s ,:‘::,":;,,
. .4357% A %
- Dedicated set of magnets for low-energy B-100.00% |  2p p-10000% | 2
electrons transport
; p ) o1 1311 1321 1331 1341 1351
- Colling of Si(Li) might not be needed ®h  semd  228h 20831 525 m 658N
0.00% B =100.00% B =100.00% @ =100.00% B =100.00% | B =100.00%
The beta-decay rate in astrophysical R ——— e ey et
plasmas may change depending on the Rl i h I
spin of that state, even at relatively low P I
temperatures. @ 20 |
Z;;] I NS a-,5- | 267.7 2.3+ I' 273
Possible measurement from a2 e v I e ) | e
134X€+208Pb v ;lJU.I.'.ui.’H IT: 100 % 1
Or 160 \
133CS(d,p) beamS? 0.02.0652Y P-: 99.9997 %1, ¢ : 0.0003 % 1. > —”7‘_“’”"" 5z v ’i'
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