End of Lecture I.

Take away messages:

Elements heavier than Fe are produced by neutron capture processes
There exists two major categories of processes with low and high densities
s-process nucleosynthesis is observed and ongoing in AGB stars

r-process site(s) is so far unknown: supernova, neutron star mergers...
Observation in EMP display similar pattern above Z=56 -> robust r

Below Z=56, many more fluctutaions -> weak r process

Other signature of weak r process exist in CEMP-i stars and in meteorites

Need measurements to better understand the corresponding processes



Experiments relevant for a better understanding of
explosive neutron capture scenarios ...

|. Reminder of essential properties required for the r process
Il. Studies of atomic masses

Ill. Studies of Beta decay lifetimes

V. Studies of neutron-delayed emission probabilities

V. Studies of neutron capture rates

With material from S. Nishimura, G. Lorusso, K.-L. Kratz, V. H. Phong

CERN, May 10th 2017



Experiments relevant for a better understanding of
explosive neutron capture scenarios ...

|. Reminder of essential properties required for the r process

With material from S. Nishimura, G. Lorusso, K.-L. Kratz, V. H. Phong

CERN, May 10th 2017
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Neutron capture processes

Solar abundance

SV

— =l Trs Y(Z,A+1) d
Q' " o r ’ n___exp(-S,(A+1)/kT)
© " . YAZ) KT "
g . (slow) (n,y)- (y,n) equilibrium
3" s (slow .
< - d_~106¢m-3 forS, = 2 MeV
& o : T~10'K _-.9°
- O = ‘Sneden & Cowan 2003 | 3
——— Mass Number =» <
o\ d ~10%3cm-3 _
(y,n) B.B—» (n,y) “\)ﬁ\ " r (rapid)
- “\Q/ vs T~109K

s process, close to stability, slow neutron captures

r process, far from stability, rapid neutron captures
- S, : location of (n,y)- (y;n) equilibrium

- Ty, - accumulation time, increase Z

- P, smoothing of abundance curve

well - G, going further from stability
B | | 1 l - fission when reaching highest Z.
] | | | |
30 40 50 60 70 80 90 100 110

neutrons



Experiments relevant for a better understanding of
explosive neutron capture scenarios ...

[l. Studies of atomic masses

With material from S. Nishimura, G. Lorusso, K.-L. Kratz, V. H. Phong

CERN, May 10th 2017



Mass measurements of neutron-rich P-Ar nuclei at GANIL/SPEG

48Ca cyclotrons 8Ni Mass measurement by time of flight (over L=80m)
urce (AN target BR~ M(A,Z) v/ Z

t c M(AZ) L /Z
S,n(A,Z) = M(A,Z) - M(A-2,Z) - 2M,

lon squrce

B. Jurado H. Savajols et aI PLB (2006)
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Mass measurement in the FRS-ESR storage ring
SCHOTTNY MASS SPECTROMETRY ISOCHROMOUS MASS SPECTROMETRY

Y. Litvinov EJC school 2015

In principle M/AM =10°
30 keV for heavy ions...

M 1 ﬁl{ﬂ'\:’ﬂ} EW'“ ﬁ}
f~ ¥ mi

8| mass known  rmasy urinown ]

Many species measured at the same time

x
Irfaraty { arb. units

EEEEEEEERSES

Need of a Brho tagging from the FRS

Need of known masses together with new ones

Intensity / arb. units
=y
|
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2 }F ! ag); 5 s e, . .
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0 O 1Y W 0 0 Vo wbdossd  revolutions in the ring) R. Knobel et al. EPJA 52 (2016)
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Mass measurements in the FRS-ESR storage ring

Mass surface covered
with the time-resolved
Schottky Mass

Spectrometry 82
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Mass surface covered
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Spectrometry
isotope  AM (keV)
129cd  -63145(173)
130cd  -62131(411)
181cd  --55583(953)

R. Knébel, PLB 754 (2016)



. 550 'RamS(_ey typIe excitation ””Ccfl s
E 50’0‘ L]
= 450 Beams are accumulated and bunched into an RFQ,
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One-neutron empirical shell gap / MeV
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Experiments relevant for a better understanding of
explosive neutron capture scenarios ...

I11.Studies of Beta decay lifetimes

With material from S. Nishimura, G. Lorusso, K.-L. Kratz, V. H. Phong

CERN, May 10th 2017



First studies of r process nuclei: the case of 3°Cd

already B2FH (Revs. Mod. Phys. 29; 1957) ...hunting for nuclear properties of
C.D. Coryell (J. Chem. Educ. 38; 1961) waiting-point isotope *3°Cd...
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L e e 135 e 136 e 137
Sal-ye S-I-!IE'LEED—*Jl 2 — 134 135
50 j’t E‘*‘-I.T:l‘f]lr ] —>
N -Gk
e seriome SUSSEQUENT g~ | |poomltSecaml V[ o L Fool 133f -+
Fagl SLOW (ny)IN
o | RED GIANTS
=
Sae-
M RAPID (n, plIN _
SLUFERMNOVRE in, ¥
4ol
. EC
40 T B,2ME

TR 128 130 132 K.-L. Kratz (Revs. Mod. Astr. 1; 1988)
ATOMIC WEIGHT rprocess |

path

“climb up the staircase” at N=82;
major waiting point nuclei;

“break-through pair” 131in, 133|n; climb up the N= 82 ladder ... (n,y)-(y,n) equilibrium

Wait for beta-decay to increase Z

“association with the rising side of major
peaks in the abundance curve” 2 Ty, at closed shells -> total duration of the r-process t,



First T/, of 13%Cd at SC-ISOLDE (1986) = L pLS  ——
® non-selective plasma ion-source Do
e selective quartz transfer line

e selective fdn-counting

SN B R .
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=]
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Intensity [counts /10ms)

Obviously not sufficient
High background from
- surface-ionized 13%n, 130Cs -
- molecular ions [*°Ca®°Br]* e e e
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Ty, =(195¢35) ms

10 2

Request: additional selectivity steps
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Relative yields of A




A=130
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A Neutron converter to optimize fission rates

aluminum base

ppallation / fission targe
(uranium carbide)

Opti m |zat|on ! De’rau It

proton beam —— yleld reductlons in proton nch |sotopes ¢
80+
Converter N
‘ 3 60}
E
‘ 2
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2
e 20t yield gains in neutron-rich isotopes
loviz D IS 1 1 1 1 1 1 1 -
0 20 40 60 80 100 120 140
Neutron Number N
: 1e+11
le-01 1 10

1e+10

Fragmentation and spallation are
significatly reduced

R. Luis et al. Eurisol-Net 2011



Beta Decay of 12°Ag (N=82)

Thermally excited in stars ?

Use the spin- 2 1
dependent € [ ngg, A 127Ag \ Eex_§58 ms
. Tt
hyperfine 8wl \r 0 __9/2" 46ms
splitting to favor & / p."z | N
the production of E :1 { : \\' G(T) = (2)et1)/(2; . +1) exp(-E,,/KT)
one state 2 e ) \ Can E_, be determined in traps ?
e A, T 2 Ordering between 9/2* and 1/2" ?
over the other BB W WL D NN
Frequency
2000 T ‘ T T T
1 10° F
g2 1299AQ 4,
1
£ T,,(9)=(463) ms
53
= 10*
o | | | TaalmiAg188:n0y e Pfeiffer et al. NPA 693(2001)282
0 00 800 600 0 slo 150 150 200 250
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Future: Determine the energy of the 1/2- isomer, study its neutron capture cross section



Experiments relevant for a better understanding of
explosive neutron capture scenarios ...

[11.Studies of Beta decay lifetimes (non Isolde method)

With material from S. Nishimura, G. Lorusso, K.-L. Kratz, V. H. Phong

CERN, May 10th 2017



Beam Production at RIBF

F3 / o ) \
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A m
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separation 2nd stage
analysis (PID efc)

further separation

» The implantation of an identified Rl
Is associated with the following
B-decay events that are detected
In the same silicon pixel (DSSSD).
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Mass to charge ratio AMQ




Decay spectroscopy station
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Euroball RIKEN Cluster Array
EURICA
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WAS®ABI

(Wide-range Active Silicon Strip Stopper for beta and ions)

Collaboration RIKEN / TUM / IBS

« 8 DSSD 1-mm thick

20 keV threshods

20 keV energy resolution
100—200 pps Maximum rate
cooled at 10 °C

Q value capability?

2 104 pixels




EUroball RIKEN Cluster Array (2012—2019)
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New lifetime measurements
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Lorusso et al. PRL 114. 192501 (2015)



Solar system abundance

Solar system abundance

10

T IIII|T|

(a)

Mass number A

| RRER I NRR R A PR | | ] .
120 140 160 180 200 220 240

r- process implications

Results of a parametrized explosion with
a superposition of entropy values (T3/p),
a proton to nucleon ratio of 0.3 and a
time scale of about 100ms show a better
agreement with SS observations

New measurements have an impact on
SS abundance curve

—

107

Solar system abundance

® solar
----- T =40 ms

—T=80ms
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125 130 135
Mass number A

Lorusso et al., PRL 114 (2015) 192501



Limits of current lifetime / mass measurements
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Experiments relevant for a better understanding of
explosive neutron capture scenarios ...

V. Studies of neutron-delayed emission probabilities

With material from S. Nishimura, G. Lorusso, K.-L. Kratz, V. H. Phong

CERN, May 10th 2017



P values

Solar abundance
i Se Sr ' ' r IS
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2.00f Xe Pb

Smoothening of the r abundance curve
No more odd-even effect as for s elements

Log (Abundance)

=T Emitted eutrons can be further captures by other
el sneden & Cowan 2003 | nuclei, modifying the resulting abundance of the
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Neutron-delayed emission probability P,
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Status of P values in some isotopic chains / plans at RIKEN

» Experimental data(Pn) ——FRDM+QRPA (Pin) ——HFB+EDM (P1n) - - FROM+QRPA (P2n) - HFB+EDM (P2n)
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Beta-delayed neutron studies at BRIKEN

Shielding BRIKEN

Jsmmwo)]

(Polyethylene
- Cadmium)

1 |simduumxsm]

' Plastic Veto detector |

A )

Advanced implantation detector array
AIDA (UK)

140 3He counters from ORNL, GSI, UPC and
RIKEN, about 68% neutron detection
efficiency at 1 MeV

2 Clover detectors 2.7-3.4 keV FWHM for
1.3 MeV y-rays

_&*r

Rl identification

Rl separation




Beta-delayed neutron studies at BRIKEN
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Experiments relevant for a better understanding of
explosive neutron capture scenarios ...

V. Studies of neutron capture rates

With material from S. Nishimura, G. Lorusso, K.-L. Kratz, V. H. Phong

CERN, May 10th 2017



Determination of neutron capture rates

What for ? : s process, r process freeze-out, neutron bursts, cooling of neutron stars

|—> High excitation energy / heavy nuclei : large density of levels

Statistical Hauser Feshbach model

E. ~kT= 100 keV
for T =10°K .

Statistical distribution of J and a certain density distribution of states
Two steps process: formation of a compound nucleus + y decay
Calculate transmission coefficients in the entrance and exit channels

Assumes:{

optical models giant dipole resonance

Measurements:

Usually stable nuclei or long-lived

Use neutron beams on targets (p+’Li source, or neutrons from nTOF)
Determine (n,y) capture rates using activation or in-flight techniques




Determination of neutron capture rates

What for ? : r process freeze-out, neutron bursts, cooling of neutron stars

Far from stability, around closed shells

E,, =kT= 100 keV for T =10°K

S, (A+1) is small
Few states contribute, mainly low L
Resonant or / and Direct capture

Resonant capture

Maxwell "

Bolltzmann

rr

6e(E)= o), J,)) T2 n_y
o v (E-E)+(T, /2)>

Measure E;, I' and I,

Direct capture

n

Maxwell
Bolltzmann
A+n y ————
N, S, D”"Vgc “ —
A+1
j—g =S Oq)f Oem (Did-r’|2

Bound state Folding potential

Ory: E1,M1 operators strongly dominant
Determine J, L, S, E, S,

Transfer (d,p) reactions can provide S,, E, L, SF required for n captures
Comparison of (n,y) versus (d,p)-derived cross section (Kraussmann et al. PRC 53 (1996))
Choose the appropriate energy for momentum matching (v/c~0.1) , RIB of ~10°pps




48Ca overabundance in EK 1-4-1 inclusion of meteorite

| heard a big
‘BOUM’ |

©1996 DB
Allende meteorite: 48Ca/*Ca ~ 250 (Solar :53)
fell in 1969 5
weight 2t .| ALLENDE INCLUSION )
chondraneous carbide 2 EK-1-4-1

several CaAl-rich inclusions

EK1-4-1 inclusion :

spherical shape, white colour
diametre 1cm

Fusion temperature 1500-1900K
Correlated over-abundances 4Ca-"9Ti->*Cr->8Fe-%4Ni

Underabundance of °6Zn, r process Nd, Sm (A~150)

O [%o]

N o N B (o2} (o]

¥

—

38 40 42 44 46 48

Mass number



Explain the abundance ratio 48Ca/**Ca = 250

| 8 =

caption \

T=08T9 1 [41.9m
|j> 0.005s
m
n [6.9s 3.3s
§> 0.005s Ifl> 0.030s
[42] [43]
N [8.6s (1s) 0.56s 0.22s | n 68ms 50ms
|j>0.22s §>0.076s |j>0.11s lotas |0 > |16s | » |100s
[40] [41] [42] [43] a4 [45] [46]

mmp Determine experimental (n,y) rates on unstable Ar nuclei.



Determine °Ar(n,y)*’Ar using #°Ar(d,p)*’Ar reaction

WBAr

SPIRAL

BEAM . 11AMeV, ZOkHZ MUST . _Si Strip detector _

-Proton impact localisation
resolution : 1 mm
-Proton energy measurement.

resolution : 50 KeV

Efficiency >30%

SPEG : Energy loss spectrometer : recoil ion identification transfert-like products

CATS : -beam-tracking detector

- Proton emission point.

resolution : ~0.6 mm
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Counts / 100 keV

N=28 gap : 4.47(8)MeV

Excitation energy spectrum for 4’Ar

S,=3.55(20)MeV

Gaudefroy et al. PRL (2006)
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Use of spectrometer suppress C induced background -> good mass resolution
Can be complemented by gamma-ray spectroscopy to achieve better energy resolution



Neutron capture rate at N=28 (*°Ar)

E* [MeV]
] on To
46 A ? 0 (barn) 1 S ! 5
47 : o G ' T T T T
157 @% S 0.001 ]
1 i 001}
[ e E
2- B P
7/2-(0.17) ) e
| 1/2-(0.85) ) e —total DC |
g 1e-09L E R — p1/2
A r L f5/2
- 1e-11 e
0 T 3/2 (0.61) e - - s . 1,
exp SF E (MeV)

(d,p) access to E*, SF., spins— derive (n,y) stellar rates  O. Sorlin et al. CR Phys 4 (2003)
Direct capture (E1) with €, = 0 on p states dominates L. Gaudefroy et al., EPJA (2006)

Speed up neutron-captures at the N=28 closed shell
Favor the enhancement of 4Ca over that of “Ca using d,= 3 102t cm-®



Excitation Energy [MeV]

c, DC

Neutron captures at the N=82 shell closure  ©° tomore neutron
Study the Cd chain...
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Atomic mass A K.L Jones, Nature 465 (2010)



Conclusions of Lect Il.

Experimental masses, lifetimes, P values and neutron capture cross sections
must be measured in order to be used in the various explosive scenarios
in which weak or strong r process conditions are found.

These properties are needed for many nuclei, but mainly those at closed shells.

New generations of accelerator / detectors will continue to bring new results in the
forthcoming years.

As all nuclei involved in explosive conditions cannot be reached experimentally (yet),
extrapolations are required with the use of theoretical models that are implementing
suitable physics ingredients.

A better understanding of the synthesis of heavy elements can only be obtained from
the combined progresses in stellar modeling, galactic chemical evolution, astronomy,
geochemistry, nuclear structure and reactions.

It is a fantastic endeavour that encompasses many aspects modern physics and foster
synergies between different disciplines of nuclear astrophysics.



