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production methods
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on = production methods

> Isotope Separation on Line (ISOL) (CERN, LLN, ORNL, TRIUMF)

» Projectile Fragmentation (PF) (GANIL, GSI, MSU, RIKEN)
» in-flight production (ANL, Notre Dame, TAMU)
» batch mode production (suitable for long-lived species)
> ...
ISOL
Transler o, Projectile Fragmentation

g Tube
Production \ Source Isotope / |sobar

Accelerator Separator
s

Fragment
Separator

Pmaiﬂm Hnﬁ?rget ACCF; ? g:‘;mr mﬁrlaﬂtgr f Experiment
Expariment Thin'.
Production
Target /i
i Hadioactive lon Beam
lon Beam
@ excellent quality @ independent from chemical properties
high purity no limitations on t,, (fast separation)
high intensities
@ limited number of species @ typical beam energies too high for NA
different production for different species poorer beam quality (energy, size)
limited to nuclei with t,, > 1s (allow for diffusion) possible beam contaminations

M.S. Smith and K.E. Rehm, Ann. Rev. Nucl. Part. Sci, 51 (2001) 91-130
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Fast radioactive beams — why?

= Production by the in-flight Ranges in
technique (vs ISOL) silicon
= Chemical blindness

= Shortest half-lives 10MeV/u 700 um 127 um 107 um
_ _ (ISOL +
= EXxperimental issues post-acc.)

= Doppler boosted
= Kinematical focusing ?gglzftfg\igft?c 63cm 7.6cm 1.8cm

= Resolution e Hight)
= Small energy loss
= Possible to use thick targets
= |ons, particles are hard to stop
= Can use many detectors
— ion-by-ion tracking
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Fast radioactive beams — where?

= GSl since SIS (early 90°s)

» Intermediate-energy RIBs (tens of MeV/u) since many years
at GANIL, MSU, RIKEN

= Future (and current) facilities
= RIBF@RIKEN
= FRIB@MSU
= FAIR-NUSTAR

Hans-Jurgen Wollersheim - 2022 I N



The future - FAIR

The Future International Facility at GSI:
Next genera’[ion FAIR —Facility for Antiproton and lon Research
RIBs facilities » Future Project
Existing

| %if\:’ ) SIS 100/300
L [
all elements up to uranium RSP j‘

P. Armbruster et al.; Phys. Rev. Letters, Jan. 05
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NUSTAR experiments

Nuclear reactions

= Relativistic energies R3B

= Cooled beams EXL

= High-res. spectroscopy HISPEC
Decay properties

= Stopped beams DESPEC

Ground state properties

=  Masses MATS, ILIMA
= Radii, momenta LASPEC

New tools

= Electron — RIB scattering ELISe
= p-bar — RIB collider AIC

super FRagment Separator
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Production of exotic nuclei at relativistic energies

Projectile Fragmentation
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Production of exotic nuclei at relativistic energies

Projectile Fragmentation

A
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Projectile Target Fragment

Nucleon-nucleon collisions, abrasion, ablation
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Projectile Fission

Electromagnetic excitation, fission in flight
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eactions with elativistic adioactive eams

Large

. ‘/" acceptance
y - d
R

RIB from
Super-FRS

ipole magnet

Partal
TACQUILA

Pre-cursor - Target /-"

systems
running * Tracker

* Calorimeter

read-out

R>B Start version Neutrons

Heavy
fragments

« Land02 software
« DAQ with new trigger logics
Protons
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Pygmy resonances and the neutron skin

Rn_RpZ -

130Gn: 0.23 +£0.04 fm
132Gn: 0.24 + 0.04 fm neutron star

‘Rn
at LAND-GSI: 108/s 238U beam (10 d)

R,
at R3B-FAIR: 102 238 beam (100 ) W
P. Adrich et al., PRL 95 (2005) 132501 & A.Klimkiewicz et al., PRC 2008
—

. I1'|'II . IISI | IHI
E, [MeV]
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Waiting point at N=82

stable isolopes
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“..the calculated r-abundance ‘hole‘ in the A= 120 bottleneck at N=82 waiting point
region reflects ... the weakening of the shell strength near stability?
... below 132Sn “ K-L Kratz
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130Cd — the key isotope at the A=130 peak

137

T1,,(13°Cd) & N,o(13°Te)

N,o(13°Te) = solar system abundances 130Te

127 +oPdg Nyo(**°Te)
1300 d) = ' %
5 T ) = [ e [+ 18, 5 Ry T ~ 170 MS
r-process h27
s {126 W, T,(%°Cd) = (162 £ 7) ms

(n;y)

climb up the N=82 ladder
A~130 “bottle neck”

AN T-

®
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Effects of N=82 “shell quenching”

?ﬂ g S 13 - 77
= 8on @ L o Shell quenching
E 7 0 El:? £ ~ . _._..-"'; 4 il}"‘ _
7 N — ol . i in- i i .
2 P S S reduction of the spin orbl-t coupling strength;
iy e — T caused by strong interaction between bound
p— - 92 —_— -~ ] N
2 637 f e e and continuum states;
E! ®2 e :-"2 due to diffuseness of “neutron-skin” and its
e - e 112 . .
F60 e -7 . influence on the central potential
g8 o ——__ N a1

E 7 e e e dyn

= 5 oy PR - Sz |

g & -

| s = Zon —in - T wle Son

L - ) y. <4 N
En Pn —== == A £
E fs,-'a N T — *
o - P12

100% 70% 40% 10%
Strength of {*-Term

Hans-Jurgen Wollersheim - 2022 I N



130Cd decay spectroscopy

Large Qg value
| best reproduced
0 +
MOY T theg -+ F— —_— by mass models
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Decay spectroscopy probes shell closures

130Cd: DGF-timing
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Prompt y-flash

Decay time range: 20 ns ... 20 pus

A. Jungclaus et al., Phys. Rev. Lett 99, 132501 (2007) |
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Surprising p—decay properties of 131Cd

QRPA predictions:

11!Dd

Q,IFROM) = 11,6 MaV
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QRPA (FYLNY
puna GT-decay

...Just ONE neutron outside N=82 magic shell

T,,(GT) = 943 ms;
P,(GT)=99 %

m
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The N=82 shell gap

N=82 Shell Gap
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NONE of the mass models predicts the trend correctly!
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Enhanced quadrupole and octupole strength in doubly-magic 132Sn

MINIBALL 4 C-REX

13261 beam

132G _20;\%’1)'
123B3 Target ladder
166\'h
T 4416 keV
% 4352 keV
27 4041 keV
0 0 keV
B(E2; 0° —2%) | 0.087(19) e2b?
B(E3; 0" — 3) 0.11(4) e’b?
B(El; 2" — 3) [ 9.1(31)x 10%¢e?b
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D. Rosiak et al., PRL 121, 252501 (2018)

T oo T 1

X rays (Pb)
166y |'f"5"rb

4000 4500

Hans-Jurgen Wollersheim - 2022

5000

5500




Waiting point lifetimes with fragmentation facilities

Why fragmentation?

 Lifetime measurements can be
done with beams from low energy
facilities

» But, fragmentation facilities have
advantages:

» Use beams of mixed nuclides--
Identification on event by event
basis

 Greater reach toward dripline

* FAIR, GSI, RIKEN, NSCL and
RIA will cover a large part of
r-process path

r-Process out

2x10's

{15 ms
125
nT':

(P ma&)

2 x 10%/s (~1/min)
2x 10%s
1 x 10%s (~3/h)

7 x 10°/s (~1/day)

8x 10/s

1x 10s

| M e

%Yb
{040 5)
195

MT"

1x10Ys

1 x 10%s

(67 ms)

194

r

68 1x 10%s
{87 ms)
';:f}{{j
(28 ms

B~ Pn

r-process

9 x 10%s (~8/day)
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NUSTAR experiments

HISPEC: high resolution in-flight gamma-spectroscopy

« Excited states in exotic nuclei
+ Inelastic excitation (EM, hadronic), secondary fragmentation, knock-out
« Lifetimes and g-factors of short-lived excited states

(evolution of shells and collectivity)
(phase-/shape-transitions & shape coexistence)

(isospin symmetry, pn-pairing)

« Experiments possible with medium-energy beams (50-100 AMeV)
+ Broad program for nuclei with A up to ~100

AGATA -
Coulex sample spectrum (RISING) | Advanced GAmma

= E A=)

1500 [— - I =1 135” - l"’ i
ey 1 ; Tracking Array
% 3 i A | Mg
7 w=r o™
[ Iy = T It I ’

F 22", B : :

) P

wenN | f TwyEgF = = =="#®  Fragment “

mE e . beam LYCCA

Reaction product identification
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Proton knockout from 304 MeV/u “Be

S245@GS|
1
0.95 -
| Scintillator
| Wirechamber
| i 0.9
By
H—e———H 0.85
i :
0.8
0.75

Yu. Aksyutina ef al. PLB 666(2008)430
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IH(1Be,2pn)*Li

(Going beyond the dripline. ..

Breit Wigner Resonance

B 12_ . ] ¢ =1.47(19)MeV
= L1
C S, = 1.26(13) MeV
:a 4
g |
5

@

o ¢¢¢0ﬁ ¢¢¢¢-

n n n 1 L Il " 1 n n
0.0 05 10 15 20 25 30 35 4.0
Eg, (MeV)

as =-13 7(1 6) j?n scattering length (virtual s-state)

Yu. Aksyutina et al. PLB 666(2008)430
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IH(*Be,2p)SLi

... and even further
Breit Wigner Resonance

3

3

L 7

E. (fU — E_}:En

% | ET I e
o

C. Forssén et al. NPA 673 (2008) 143

E¢pn (MeV)

Yu. Ak.syutina etal. PLB EEEI{EDDBHEU 3_b0dy resonance state — — —
correlated background -------
(from nn-correlations in initial
bound-state wave function
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150(2p,y)t'Ne in Nuclear Astrophysics:

Cataclysmic binary systems (X-ray bursts): =
rp-process Gérres et al, PRC 51 (1995) 392 ~ CNO cycle: ... ¥N(p,y)**O(B)"N(p,a)
150 is a waiting point for CNO-cycle breakup:

Heavier elements: ... 1350(a,y)°Ne(p,y) ...
Alternative (rp): .. 120(2p,y)Ne(B)YF(p,y)

Proton
Number Z

—r

The reaction rate can be enhanced by a few orders of

magnitude by taking into account the three-body
continuum states. Grigorenko et al., PLB 641 (2006) 254

-\._\_\_"“
Fusion up to iron
Neutron number N
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Isochronous mass spectroscopy in the ESR

20GS/ .
s, 10GS/s 2 channels (miq), . \ Ifrz_igm_ent
Digital injection
Oscilloscope

@
V, V,
I. ® @ (miq), Septum

Tektronix TDS 7404 * Iimf%

=

TOF-Detector
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Scattering of RIB on hydrogen target

8-10* **Ni ions/spill
from FRS

gas-jet
__ target |

gaset target:
H,: 3-10” cm?

stored **Ni beam:
3.10° ions * 2 MHz

Technical drawings. M. Lindemuldar, KVI-CART

Picture: Phys. Scr. T156 (2013) 014016

measure position and energy with Si detectors

E=) RMS radius of %Ni luminosity: 2 - 1026 Particles
' s cm?

M. von Schmid, EXL, Phys. Scr. T116 (2015) 014005
—
==
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Ni(p,p) scattering distribution
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M. von Schmid, EXL, Phys. Scr. T116 (2015) 014005
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Ni(p,p) scattering distribution

Diffraction pattern (like for a wave after a single slit),
Extract radius of nucleus by fitting theory with parameters.

(-
o
%]

do/dt [mb/(GeV/c)?]

(-
=)

! I ! I ! I ! I ! | ! I
0.01 0.02 0.03 0.04 0.05 0.06 0.07
t[(CeV/c)?]
M. von Schmid, EXL, Phys. Scr. T116 (2015) 014005

o

®
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Electron capture in hydrogen-like ions

Simple theoretical estimate:

R.B. Firestone, Table of Isotopes, 1996

Gamow-Teller transition 17 - 0%
p* to EC branching ratio:

Ag+/Agc (neutral atom) = 1

W. Bambynek et al., Rev. Mod. Phys. 49, 1977

S-electron density at the nucleus:

£s(0)|? < 1/n°

Pgc(neutral atom) « 2 z 1/n3 =24

Py (H —like) x 1% 1/13 =1

Agi /Ay (H-like) = 2.4

1+ 0
PPPPP PP PP PPPPL

140~ O+
Pr

Q= 3388 keV

0+ 0 994 %
TITITIIIII77777 ¢

140 0+
Ce

conclusion:
H-like ions should have
41% longer half-life
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Electron capture in hydrogen-like ions

| 140 58+
i) 1+ 0
= PPPPP PP PP PPPPL
> 140 O+
g Pr
> ] Q= 3388 keV
"083 4
- 0+ 0 99.4%
FIIIIIIIIIIIIT ¢
0 100 200 300 400 500 600 700 1 4 0 0 +
time after injection [s] Ce
G. Audi et al. NPA 729 (2003) 3
A(neutral) = 0.0034(1) s? Expectation:
Decay of fully-ionized *°Pr: A+ / Ak (H-like) = 2.4
Ag+ = 0.00172(7) s~* _
Experiment:

Decay of H-like 14%Pr:
A = 0.00213(19) s~ 1

Ag+/ Ak (H-like) = 0.81 (8)

J. Kurcewicz, N. Winckler et al.
H-like ions decay ~20%
faster than neutral atom!!!
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Electron capture in hydrogen-like ions

53.22(6) d

3/2° 0
Q.= 861.815 (18) 7
EC
100 % 4Be

- 0,

gine 12 1345.75 10.44(4) %

= 0

staple 324 0 89.56(4) %
7 .
5L

A.V. Gruzinoy, J.N. Bahcall, Astroph. J. 490 (1997) 437

lonization of "Be in the Sun can be ~20-30%
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Nucleosynthesis of heavier elements

(-

Accreting white dwarf

. ‘Supernova 1987A

P J/
L h i
\ S=—— //

N -~
O

Neutron star

Hans-Jurgen Wollersheim - 2022



	Outline: Experimental Nuclear Astrophysics
	Radioactive Ion Beams production methods
	Radioactive Ion Beams production methods
	Fast radioactive beams – why?
	Fast radioactive beams – where?
	The future - FAIR
	NuSTAR experiments
	Production of exotic nuclei at relativistic energies
	Production of exotic nuclei at relativistic energies
	Reactions with Relativistic Radioactive Beams
	Pygmy resonances and the neutron skin
	Waiting point at N=82
	130Cd – the key isotope at the A=130 peak
	Effects of N=82 “shell quenching”
	130Cd decay spectroscopy
	Foliennummer 20
	Decay spectroscopy probes shell closures
	8+(g9/2)-2 seniority isomers in 98Cd and 130Cd
	Surprising β–decay properties of 131Cd
	The N=82 shell gap
	Enhanced quadrupole and octupole strength in doubly-magic 132Sn
	Waiting point lifetimes with fragmentation facilities
	NuSTAR experiments
	Proton knockout from 304 MeV/u 14Be
	1H(14Be,2pn)12Li
	1H(14Be,2p)13Li
	15O(2p,γ)17Ne in Nuclear Astrophysics: X-ray bursts, rp-process, neutron stars
	Isochronous mass spectroscopy in the ESR
	Scattering of RIB on hydrogen target
	56Ni(p,p) scattering distribution
	56Ni(p,p) scattering distribution
	Electron capture in hydrogen-like ions
	Electron capture in hydrogen-like ions
	Electron capture in hydrogen-like ions
	Nucleosynthesis of heavier elements

