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Overview

1. Synthesis of heavy elements

2. Measurement of very neutron-rich isotopes

3. Summary and Outlook
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Solar” abundances W’ i
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Characteristic isotopic abundances for materials within the solar system
= also valid outside solar system? (,,Galactic” abundances?)
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Nuclear Astrophysics =
Nuclear Physics + Astrophys&g.
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Solar abundances: Production of Iightﬂ%x{ﬁ'_
DR S

Big Bang nucleosynthesis: H, He, D, no elements heavier than Li

Galactic cosmic ray spallation: oo
Li, Be, B by bombardment of

matter by high energy cosmic 8ol ;
"ray" particles S g
% (g 104 -
m + = 3
Stellar nucleosynthesis 1: Fusion S . 3
. . & 100—_ : -
(burning processes) in starsupto © ] o i ]
|r0n and NICkeI (A~56) ° :: Anders & Grevesse, V; [ . \/Z
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SOLAR ABUNDANCE

How are the heavy elements forr
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f% Solar abundances: Synthesis beyor
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Solar abundances: Synthesis beyo
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Local abundance maxima (and minima) are mirrors of nuclear structure
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(shell closures, pairing effects...)
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~ Solar abundances: Synthesis beyor
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The "slow neutron capture pro

Seed for

s-Process

s-Process Reaction

JUSTUS-LIEBIG-

Path

N=50

r-Process

s-Branchings
( %*Ni, ®Se, ®kr, ...)

=50% of abundances >Fe

e Neutron capture slowly
compared to 3-decay (1 capture
per ~1000 y)

e Well defined path along line of
stability & Well understood
from astrophysical and nuclear
physics side

e End point: 299Bi

Po 208 Po 209
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The "slow neutron capture pro

Weak component Main component
Mass region A<90 (Fe-7Zr) A>(56) 90 (Zr - Bi)
Stellar site massive stars  (>8 M) TP AGBstars  (1-3M_,)
Stellar burning phase core He shell C H burning He shell flashes
Temperature [MK] 300 (kT= 26 keV) 1000 (kT=91 keV) 90 (kT= 8 keV) 250 (kT= 23 keV)
Neutron source Ne-22(a,n)Mg-25 Ne-22(o,n)Mg-25 C-13(o,n)0-16 Ne-22(a,n)Mg-25
Av. neutron density [cm3] 106 1011 107 1012
Duration [y] 106 1-20 104 10

Nonburning hydrogen

Hydrogen fusion
ydrog C-0 core

Helium fusion
He burning shell

Carbon fusion
Oxygen fusion H burning shell

Neon fusion

H envelope
Silicon fusion
wortash TP-AGB star
(thermally pulsing asymptotic giant branch)
Massive star
GSN——
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e Extremely neutron-rich, short-lived isotopes
* Fe—actinides

~50% of heavy elements
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The "rapid neutron capture proiﬁﬁ"‘wj‘,
) A

e High neutron densities (n,>> 10%° cm=3) = =1 ms per capture

e “Moderate” temperatures (T=1-2 GK)
= >Fe to = Pu (Z=94, A = 260) in few seconds

e End point: fission barriers (theory!) = “fission recycling” (2x A = 130)
e Freeze-out: decay back to stability

e Astrophysical scenario: still under discussion

Core collapse supernova ? Neutron star mergers?

o o

JUSTUS-LIEBIG-
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D .
: Input for network calct

- — .
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During equilibrium phase:

Astrophysical parameters

Calculation of
progenitor abundances

Half-lives (s- ms): Shape
Masses (S,=2-3 MeV, QB): Path .

Nuclear physics parameters: Theory + few experimental information

During “Freeze out” phase:

N
Calculated
> r abundances
compared to solar
S
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Nucleosynthesis in the r-process
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Calculated abundances vs. so
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C. Freiburghaus et al., Ap. J. 516 (1999) 381 H. Schatz et al., Ap. J. 579 (2002) 626

= Strongly dependent on mass models!
Experiments needed to constrain and tune theoretical models
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Measurement of very neutron-rich \5‘4 pes-
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Discovered in 1939 by Roberts et al.
“Delayed”: emission with [B-decay half-life of the precursor AZ
t,,~ few ms—55.65 s (®’Br)

Important for kinetic control of fission reactors,
e.g. 23°U: 2.47 prompt & 0.0065 delayed neutrons per fission

R.B. Roberts, R.C. Meyer, P. Wang, Phys. Rev. 55, 510 (1939).

UNIVERSITAT
GIESSEN
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B-delayed neutron emission

-
B [0 13203154135 136 137 138 138 Te
13113213%h34 1336
13013113133 134135

129 (131
121122123124 1259026 127 128

121122

beta delayed 2n
beta delayed 1n
to be published
B published
PR T T ST T PR [ T T S SR NN S ST AT SR N SN

65 70 75 80 85

| NN SN I I S Y A U [ S (S N A U N N |

N S. Rinta-Antila, JYFL
* Important nuclear structure information:

Time-dependence of n-emission = t, ,(*Z)
P, : B-strength above S,

e Accurate mass measurements needed for predictions!

_ — ==
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Status Bn-emitters

60
58
56 ]
54 : ST 126
52 : T J2
50 116118
48 0 12114
46 ; a 1,‘,;0{?16
4 : . e
49 _ : ] Identified
38 = o . B Known half-life
= 8254 [0 r—process waiting point
34 7880
32 176" =82 | B Bdn measured
30 72 -
et H Pt [ B2dn (B3dn) predicted
26 i N 6062

28303234 3638404244 4648 50 52 54 56 58

N=350

P.=0.007 (+0.007 -0.004) %

Validation missing
G. Stetter, Nucl. Sci. Abstr. 16, 1409,
Abstr. 10963 (1962)

Only 1 measurement
for A>150:

* 8He- 150L3: =200 datasets available, = 75 in non-fission region (A<70)

* New AME2011: 80 more dn emitters identified, but no measurement
JUSTUS-LIEBIG- E 5 ][ ”
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During , Freeze-out”:
detour of B-decay chains
5 r-abundance changes
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0l T T T T
80 100 120 140 160 180 200 220 240
MASS NUMBER A

P. Moller et al., Phys. Rev. C 67, 055802 (2003)
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hGSI Helmholtzzentrum fiir Schwerione
Darmstadt/GermafW

Schwerlonen
Synchrotron
(up to 0.9¢)

FRagment
Separator

1 GeV/u 238U

Linear Accelerator 5 1.5*10° pps
up to 0.2c A TN “Be target

JUSTUS-LIEBIG- E [ =— lt
22
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Neutron Number N

Fs

20.000 m

First and Second Selection

Neutron Number N

H. Geissel et al., NIM B 70, 286 (1992)

N 30
g
E 28 1 ™Ni
=z
5
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24 1 1 1 1 1
46 48 50 52 54
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e Recent measurements @ FRS:

T. Kurtukian-Nieto, PhD thesis (2007)
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/& 126 new isotopes identified Z=59-87 (Pr-Fr)

H. Alvarez-Pol et al., Phys. Rev. C 82 (2010) 041602 (R)
L. Chen et al., Phys. Lett. B 691 (2010) 234
J. Kurcewicz et al., subm. to Phys. Lett. B (2012)
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Bn measurements 2011 !

. é}//N
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*  PBn experiments @ FRS:
N<82: neutron-rich Ag, Pd,
N>126: neutron-rich Tl, Hg

5082
7476 N =8 2

34
32
30, T r‘7072
28, 4 0008

26 5082
28303234 36 3840 42 44 46 48 50 52 54 56 58

N=50
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Implantation detector
SIMBA

i J

Neutron-rich
238|) fragments
Neutron detector

BELEN-30

]
Shielding (PE + borated rubber)

o ESN——
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BEta déLayEd Neutron detec

JUSTUS-LIEBIG-

UNIVERSITAT
GIESSEN

\ h/
¥

Universidad Politecnica de Cataluna,

Barcelona

IFIC Valencia

CIEMAT Madrid

DETECTION EFFICIENCY

0.24 ]

MC Simulation
(M.B. Gomez, UPC)

30 high pressure 3He long counters

022 ]

—— 20 counters
—— 30 counters

PE matrix, size ~ 1m3 020

0.18 4

M.B. Gémez Hornillos et al., Proc. Int. Conf. on Nucl. Data for Science and Techn. (2010)
JUSTUS-LIEBIG-

0.001

T
0.01

ENERGY (MeV)

0.1 1 55

w UNIVERSITAT
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Constructed and
developed at

® 60x segm. X and Y-detector TI.ITI

Technische Universitit Manchen

2}

e Implantation area: DSSD, 60x40 segm. e ﬂ

Lehrstuhl E12

e 7x segm. B-absorber (front and back)

DSSD:

Tracking: Front (-

Rear -

(X,Y) Implants absorber B-energy  ahsorber
and position

PhD thesis C. Hinke, TUM (2010)
Diploma thesis K. Steiger, TUM (2009)

wesese ESN——
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44—

3 settings: central fragments
126pd (2 d), *27Pd (1 d),
128Ag (12 h)

431 -
4 Mo : o b 1
%.5 252254256258 26 2622.642662.68 2.7 2.722.742.762.78 2.8
A/Q
* Analysis in progress: identification of implants, B-n correlations
> t1/2' Pn Courtesy of K. Smith (U Notre Dame/ MSU/ GSI)
M , — . SN
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Rn
At
Po
Bi
Pb
Tl

H
Au

Pt
Ir
Os

211
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* Next step: B-n correlations > t, ,, P,

- L
278
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87
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81
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2
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32

126 new isotopes discovered at the FRS
since 2006
Bn-measuring campaign started
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] Identified
B Known half-life
[ r-process waiting point

120 =126

H L1340

130

* Heaviest Bn-emitters
measured so far: important
for theoretical predictions

e Data analysis in progress

* Gap to peak nuclei:

_NS

194Er (-16n: 178Er)
195Tm (-14n: 181Tm)

vvvvvvvvvvvvvvvvv

"Ly
@

Maximum
at N=126: "~ w
194Fp 195Tpm )

MASS NUMBER

T
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"Z+1

First experimental identification of P, :

1] (t1/2= 8.6 ms) @ISOLDE azumaetal., PRL 43, 1652 (1979)

30-32Ng (t1/2= 13-48 ms) @ISOLDE petrazetal., Phys. Lett. 948, 307 (1980)
%8Rb (t1/2= 114 ms) @TRISTAN Reeder et al., PRL 47, 483 (1981)

* 18 32n and 4 B3n emitter (*Li, 1*Be, /B, 3!Na) known

JUSTUS-LIEBIG-

UNIVERSIT)’\T

GIESSEN l. Dillmann DESY Physics Seminar 13./14. Méarz 2012

EE][T



n"rlg --!-= Identified
Nb i« N B Known half-life

I [ r—process waiting point
65 10 72 74 76 78 80 N_82 * B2n emitter (calc.)

B3n emitter (calc.): 13°In ?

nee e , ——— . SN
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Similar RIB projects:

* Spiral 2 (France)

* FRIB (USA)

* RIBF (Japan, since 2007)

= More Bxn-emitters in reach,
priorities shifted

JUSTUS-LIEBIG-
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Neutron detector upgrade for DESP

¢ Inclusion of additional counters from JINR Dubna =
upgrade to 96 counters

e New implantation detector AIDA

e Efficiency: BELEN-30: =40% = BELEN-96: =65%

__ 70
— =
; 60— —— Total
o - 1st crown
S ~e- 2nd crown
‘' 50— - 3rd crown
= » --+-- 4th crown
a=> Ak : 5th crown
Advanced Implantation Detector Array (AIDA) e [ ;> 6th crown
Neutron Detector A"QY ‘g 30;
=T
© [
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o L
=
2 10
=2
DSSD Array THE UNIVERSITY
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102 10 1
Neutron energy (MeV)
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