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Stellar environments

What do we know ? And how ....

* Primary input to Astrophysics is the
observations of (very) distant objects
through astronomers

=» indirect measurements

* At the first glance for we just look
at rather hot surfaces of stars ...
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Thermodynamics defines the boundaries

Internal structure: o and that’S What we

inner core

radiative zone Subsurface flows want to knOW.

convection zone

Photosphere

Start:
Basic properties:

e Temperature
 Size

Observables:

Chromosphere

- * Apparent Magnitude

e Spectrum

Corona
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Magnitude/Distance analysis (Inverse Square Law)

F=L/(4mrr?)

Apparent magnitude and

absolute magnitude
(or luminosity) can only be

related if distance is known !

Example: solar luminosity
L., = 3.846x10°° W

sol —

@ 1AU flux is F = 1365 W m-
@ 10pc it is F = 3.208 x10-10 W m-2 \

=» comparison is done at 10pc
(absolute magnitude)
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Magnitude/Distance analysis

E.g. direct method:

f

ﬁ/’\ Parallax measurement
1pc =3.086... 10 m

=3.262... ly

Hipparcos

High Precision Parallax Collecting Satellite

1989-1993

0.001“ reolution - 1% (30ly) 400 stars,
10% (300ly) 28000 stars

(Milky Way diameter: 100000 ly)

=» indirect methods: red-shift, cepheids, SN
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Spectral analysis (blackbody radiation)

Wiens law e Il Betelgeuse (~ 3000 K) -
AmaxT = 0.0029 m K . - »
3000 K =970 nm (IR) £ |
10000K — 290 nm (UV) 2 [

G600 |

=]

200 =

a (B I T
0 500 100¢

and (wave length dependend)
classification (+ absorption lines)

06.5 HD 12993

BO HD 158659

Bé HD 30584

A1l HD 116608

A5 HD 9547

FO HD 10032

F5 BD 61 0367

GO HD 28099

G5 HD 70178 .

HD 23524
SAO 76803
HD 260655
Yale 1755

HD 94028

SAO 81292
HD 13256

Ko

o Riegel (~ 10000 K)
F4 metal poor : = :
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Spectral analysis (blackbody radiation)

and conditions how the light was
emitted ...

Stefan-Boltzmann eq.
(c=5.67... 108 W m2 K*)
L=4xr R2c T4
e.g. Sun T:5777K
R: 0.6955 Mio km
- L:3.839 x10%° W

=> Model input

T,L, R from M, m, r & absorption

A31 Comparison of Spectral Lines for Supergiant

& Main Sequence Stars

« Thinner lings

:LA-LLA.LLJJ—LLLLIJ—LLLLJ—L—L—LL‘—LLLLJJ_U.LA I.LLI_L.AJ_L_JJJ_L.LJ_LL.A_IJJ_LL_L.L
A3V

Pressure broadening
= of lines

served S [uﬂ A
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Lifetime measurements with radioisotopes

147Sm =143Nd, T,,,:1.06 x 1011y
144Nd o decay, T,,:2.29 x 10*y

=» Moon surface is ~5x 10°y old

er“ic Ferroan Anorthusites‘\
1,518
Mafics Only

Age = 4456 + 40 Ma . 0
Initial &, = +0.8+1.4 | | |

MSWD = 6.5 Mafics ~ . u . ”
pyroxene + olivine Appollo 15: “genesis rock

. SO the sun should be
as old (at least) !

0.20 0.25

14?5“1_-'”44“(1

{Marc Morman, Australian National University)
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Consequences:

©

Stars use nuclear energy (fusion)
—> seed production up ~ A=56

- ‘slow’ process

~

o

w ks )
T I
| |

N

o -
S
- -
2
|

Average binding energy per nucleon (MeV)

.

1 | | 1 | | | |

60 80 100 120 140 160 180 200 220 240
Number of nucleons in nucleus, A

o
N
o
&
o

And how are
elements (A =2 56 )
produced ?

'I' . i
\ P. |\ / l"'qf il,l M

4\ iron peak
ll|
u'|."| l structures

||||Fr||'4 b

2249 Au) 11
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. predominantly via slow and rapid neutron capture

H.

ABUNDANCE RELATIVE TO SILICON = I0®

Simon ® Crossing bounds: From exotic nucl. sys. to FAIR

1. 2.2
H B'B ﬂ L) T 1 T / IIIIIIIIIIIIIII
0| %é/ // / \oe //
He // §0/
/ Ol
/ é\ N QQ
&4 &
to® 0 °° 9 1 t
T (, A ,,, 3 neutron capture
i | [Ne _/' / Fe é.d /
10 ; / & /
D: Ca T ¢
: Ni /
lold f “ Ge s
L 1 Jl Ba q
Li '.JB 4 Xe
. S A
Pt
Be W\‘mw,,ﬂﬁb ;
: Mk 1
{o}

llllllllllllllllllllll

Summary of the
dominant processes

e

MASS  NUMBERS

Why (and where) are radioactive
beams involved ?

Examples:

1. pp (lIl) in the sun
2. r-process

3. n-star EOS
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Tomography of the sun via neutrinos !
... and radioactive isotopes in the sun

Internal structure:
inner core

simple idea 4p - “He + 2e* + 2v el
Amc? = 26.73 MeV | 2 /
Q. =Amc2-E however: \

A%

4

p+p=*H+et +u, p+p+e=*H+wv, (pep) B8
. - > Chromosphere
(PP) | 3
99.75% 0.25%
’H + p ==3He 4 v 0.00005% _ 36 4 p =>4He + et + v, S
Soch upern, &
86% 14% (hep) (Galliym _jChiorine e

"He + *He =>*He + 2

“He + "He ="Be + 4
99.89% 0.11%

| |

"Be + e =>"Li+ v, Be+p="B+7

Li+p=2 "He

Neutrino Flux

8B —3Be* et + v,

ppl ppll pplll

Neutrino Energy (MeV)
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‘Be + p = 8B + vy in the laboratory (direct measurement)
'Be is unstable (T,,, = 53d)

Temperature in the sun: ~ 15 Mio K
av. kin. energy 3/, kT =8,6 - 10 eV/K* 1.5 - 107K = 1290 eV

=>» high energy tail of Boltzmann distribution

—

T T T l T ' T I
. Gz k
Coulomb repulsion 141 el

=>» tunneling through barrier

A2 _on
oDE™"% o-ENT |

1.2 -
(xlO6)

=> low energy X-sec -
(de Broglie wave length) 0.8 -
0.6 -

> : 0.4 [
very low energy on MeV scale ! !
02}

LUNA (2009): 3He(a, y)'Be

.
-
-

e,
..
“ea,
o
......
..
.....

0.02 pb ( 2 events/m ) @ 16keV 0,0_ - el

searching for a resonance
around 22keV (Gamov peak).
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Possible way out ...
Coulomb dissociation (CD)

Study inverse process (detailed balance)
®B is unstable (T, = 0.77s)

- 8B(y,p) measure cross section ¢ and
relative energy 'Be and | (starts at O threshold)

virtual photon theory

dGCD . 1 dn S 7Be -
dE, E, dE, (7:) virtual photons \)/
. a
detailed balance O «\—I—f/Proton
o l
(2‘]7Be +1)(2‘Jp +1) k(z;m ““““““““““““““ O
G(]’:p) = 2(2J _|_1) k2 G(pJ’) b
8B y 208Pph
Ky = (Ere*Q)NC  Kyy?2 = 2UE, /M2 Q=138 keV
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Both methods work ... and deliver comparable results !

o(E) = S(E) / E ePhE

=>» S(E) describes nuclear structure

—~ 40 ] | T | ]
S CD (P.7)
D ® this work (GSI-2) 0 Hammache et al.
".’; O lwasaetal. (GSI-1)  +# Junghans et al.
7)) O Baby et al.

30

20 .

. resolution (CD)
Descouvemont VS.
0 | | . | | rate (direct)
0 0.25 0.5 0.75 1 1.25 1.5
E,. (MeV)
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To be explained ...

Radioactive Beam Studies:

Specific (x, y) reactions

*He(2n,y)°He, 'Be(p,y)°B, **C(n,y)*>C, 2°S(p,y)*'P, *O(2p,y)*'Ne,
3132C|(p,y)3233Arr, ...

d ' ' ' ' ' ] ANEUTRON STAR: SURFACE and INTERIOR
. \ @ e — =
Structure input for  _ \ N - WD
extrapolation =1 I - RN SRS
of nuclear data ™ S . \
T O Sad.. 2 . ‘ . 1 e ATMOSPHERE
; Measurcd masscs | | \
a4l {1995}
50 EIU 10
N (Z=50)

Neutron matter
very exotic systems,
Xn 5,7H 9,10He 12,13|_i

precise study asymmetry ,, / ,
EQOS via excitations = proonsuprconcucr A
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At the Outskirts: Three bodies find together

T. Baumann et al., Nature 449 (2007) 1022

= = HFB-8
Previously observed

Newly discovered

2C
H. Simon @ Crossing bounds: From exotic nucl. sys. to FAIR _ 18/90



Physics with radioactive beams

Neutron-Proton
asymmetric matter

Nuclear Structure
of exotic nuclel

Nuclear Astrophysics

H. Simon ® Crossing bounds: From exotic nucl. sys. to FAIR _ 19/90



What's exotic in Exotic Nuclei

stable
n
s P2
0(3es N\e\’
- B ~ -
=", Po=0. 17fm_3
d, = d, = const = 1fm /\
\»

bubble
decrease of central density

\,
skin
o 1y
d, =d,
halo binding energies (B) of valence nucleons small
"o # 1o proton and neutron density distributions differ

d, # d

n
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Exotica: Haloes

12 fm

21/90
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The nuclear Halo

Threshold phenomenon resulting from a bound state
close to the continuum

Low separation energy + short range of nuclear force
allow tunnelling into the space surrounding the core

: 504 keV m\
e.g. ''Be > i
0.4 ;: 320 keV Ve

. E1l
Spatially separated
clusters & | e
_K-r ..................
e
w(r)—>—
.
s, S =05 e
K= ZmSn 0.4 | (l)p. s:=0.1(;l;dac‘\£
h A
% 5; 10 ‘1I5“H2l0"”25
r (fm)
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Cross section reflects size (Tanihata 1985)

35

30+

{(fm)

m
rms

20}

|. Tanihata et al., PRL 55 (1985) 2676
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o, (p,t) =7[R, (p)+R, (t)I°

llLi

Be, C and Al

— G|:><r

R(MLi) = 3.10(14) fm

2 1/2
matter
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Transmission Experiment

R. Kanungo et al.,

> 8 16 PRL 102(2009)152501
240
Production 3 pro Sekunde
Target / i
48Ca e __—* = - 63 (7) mb
1 AGeV plastic | 8 e~ E E
scintillator o . ~ R —
+ = ) plastic secondary = E
scintillator // target ch c Ic TP
= =H | E — |
z = = | E-— &
10/ F2 = sSlE = 10| F4
TPC IC TPQR TPC TPC
9 9
; of - @
2.7 Alq 27 28 29 3.0 A/q
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Observation of a Large Reaction Cross Section in the Drip-Line Nucleus 22C

K. Tanaka,' T. Yamaguchi,” T. Suzuki,” T. Ohtsubo,” M. Fukuda,* D. Nishimura,* M. Takechi,*' K. Ogata,” A. Ozawa,®
T. Izumikawa,” T. Aiba,” N. Aoi,' H. Baba,' Y. Hashizume,® K. Inafuku,” N. Iwasa.” K. Kobayashi,” M. Komuro,”
Y. Kondo,” T. Kubo,' M. Kurokawa,' T. Matsuyama,” S. Michimasa,'* T. Motobayashi,' T. Nakabayashi,” S. Nakajima,”
T. Nakamura,” H. Sakurai,' R. Shinoda,” M. Shinohara,” H. Suzuki,'™® E. Takeshita,""" S. Takeuchi.' Y. Tc-ganc-,“

K. Yamada,' T. Yasuno,® and M. Yoshitake~

PRL 104 (2010) 062701

| 160 170 180
1400 - 1220.22C @ 40 MeV/u 5N
10 counts/h
= rms matter

1200 - radius: 5.4 0.9 fm
=
E
bﬂﬁ 1000 -

800 - ; . Neutron rich nucleus . 2n Halo nucleus

I In Halo nucleus
600 ' : ' '
18 19 20 21 22 23 -

A N



Shell reordering: Halo formation

Mean-field modifications Nucleon-nucleon interaction

oott interaction :
coupling of p-n spin-orbit partners
in partly occupied orbits

surface composed of diffuse
neutron matter

derivative of mean field potential weaker O: missing ndg, do not bind vd,,>N=16
and spin-orbit interaction reduced T.Otsuka et al.,PRL87 (2001) 082502
(tensor) PRL95 (2005) 232502
J. Dobaczewski, et al. Repulsive 3N force

Phys.Rev. C53 (1996) 2809 T.Otsuka et al., PRL105 (2010) 032501

hgs2 3p

f5/2

21.'2 N=5 /_2f
3/2

f

h7f2 / \—1h
11/2

gd7s2

dm% N=4 /:2d
S1/2

ds;, / \—-19
J9/2 —

no spin
orbit

exotic nucleil
hypernuclei

around the
valley of
B-stability

Single-Particle Energy (MeV)

very diffuse

surface
neutron drip line

harmonic
oscillator

8 14 16 20

Neutron Number (N)

H. Simon @ Crossing bounds: From exotic nucl. sys. to FAIR _ 26/90



Bridging the A=5,8 gaps for heavy element creation

,/ﬁ" Tﬂ"’f"’ L Ld

2, 11% ;/‘5%7‘ ;/‘ /7/ 23
x N N -2

_}156_}1BG7\‘1T07\‘1HG_}190 _}21}
-- 'rr,

11G
10 11B 125_} Ba\H-BJ'ﬂ,r B "‘ﬂrB -}_195
/r'r S, vl .
, ”Ec ”Bc—:,»”aca‘gec —}“‘Bc
! l]\ e g ‘\ /r h
4 ¥ L é} L — ”L.
Y
fHe —— > ®He

M. Terasawa et al., APJ562(2001)470
A. Bartlett et al., PRC74(2006) 015802

* Bypass reactions to triple-a process stellar burning
e.g. core collapse supernovae
e “4He(2n,y)’He possibly n-star mergers
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Continuum spectroscopy (“He(2n,y)®He backwards)

Coulomb dissociation: T.Aumann et al., PRC59(1999)1252
E,<10 MeV 100% cluster sumrule 150 | bHe+Pb - qg+n+n -

> B(E1l) =1.2(0.2) e?fm?

<r?, >Y? =3.4(4) fm

<r.2>Y2exp. =2.016(72) fm

<r.2>Y2exp. =2.068(11) fm (laser spectroscopy)
P. Mueller et al. PRL99 (2007) 252501

<r.>>12 theo. = 2.059 fm

dé/dE, (mb/MeV)

B.V. Danilin et al., NPA632 (1998) 383 E. (MeV)
X
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H.

do/dt [mb/(GeV %cI)]

Elastic proton scattering

- Inverse kinematics

000 0,00 002 003 0,04 0,05

+ [GeVZ/c?] N
_d., = 4.0(4) fm

<r,,>% = 3.0(3) fm

Simon ® Crossing bounds: From exotic nucl. sys. to FAIR

S3

MWPC 4 f
x\\ 2, -
oz [}
NG
IKAR \ \
p \
)
o
./'/

P. Egelhof et al.,
EPJA15(2002)27

7] potential \
| electrode
- A5k

cathode

grid (0 kV)

X0

. anodeB | | |
E +10KkV 2

anode A

He - projectile

\ 2cm
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ALADIN-LAND Setup (kinematically complete)

e particle identification
e time of flight

e deflection angle

—> Relativistic four-momentum vectors f)‘;

H. Simon @ Crossing bounds: From exotic nucl. sys. to FAIR S —
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Experimental Setup (less schematic)

07/09/2006
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Exotic structure across the dripline:

P.G. Hanseni Nature 328 ‘19872 476

7Be SEBe SEe 10Ee 11Be 12Be % 13Be [ 14Be [  15Be
53.22D 0.57 e¥ STAEBLE 151E46 Y 138158 2149 MS o 27E-2 435M5 w <200 NS
100 % [ n
¢ 10000% BB B-:100.00% ISl O S ESUI T 1 n,s: N
g % p-n= 1.00% % 0%
| | || HEBE
BLi 7L oLl Sl 11Li : 1211
STAELE STAELE 03559 MS 175.3 MS 8.00MS m <10NS
5 I o7 41% "
f-e 100.00% B-: 100.00% : 0o - 1| 00% : M
B-:100.00% p-n: 50.80% i-h ?%:
E B EEEER l | HEBE
SHe 2 6He = 7He = ©BHe I OHe 10He
080 K‘?OG.? MS o 150KeV = 1151 MS : 300 KeV
|
I: 100.00% 3 1 : 00% ' N:100.00%  N: 100.00%
¢ 100,002 n 0% .
HE HEBE HEER
4H SH
4.6 MeV 5.7 MeV 1.6 MEV 29E 23 s
1
M:100.00%  N:100.00%  N:100.00% ZN?
3 5 7 9 i |

=» most exotic systems
= nearly unbiased & clean production !

HH Shimone® Croesaigdobonods Hropmegrdtinogt! sggs t6oFANR 32/90



Exploring Unbound Lithium isotopes
I
6 I 80 _I 1 1 1 I 1 1 1 1 I 1 | 1 1 I
—~ B 12] |
S : Li
> 60 — —
St % _ _
- -
£ 3 40 M —
L] O - 7
= _
N2t _
5 20 ~
0 U‘ —;I'-"l 1 |‘1"1:-—|h“1 |"1*1*- = ]
2.0 | 0.0 0.5 1.0 1.5 2.0
Eq (MeV) Decay Energy (MeV)
a. (fm) S (MeV) SIS
-13.7(1.6) 1.47(0.19) x~__ 130(25)
Close to 32 g ‘consistent’
14
Sy Be Exp.
"Li+n
Y. Aksyutina et al., PLB666 (2008) 430 C. Hall et al., PRC81 (2010) 021302
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Exploring Unbound Lithium isotopes

BLi: “Be+p > MLi+n+n L
do/dE, - oc E?/(2.21 S, + E)"? K,=0 C.Forssén, B. Jonson, M.V. Zhukov
NPA673 (2008) 143
131'1. | | | | | Momentum transfer small,
—~08} : { 1Li core survives collision !
g
506} -
E bt A T Dt =» 11Li + 2n resonance picture
Wwost 4 % ----- X
< . _
3 S | Evidence for existence
VI TS ‘ at 1.47(31) MeV.
Y1 2 s 4 5 s 7 D Angular correlations ...

Y. Aksyutina, H. Johansson et al., PLB666 (2008) 430
H.T. Johansson, Y. Aksyutina, Nucl. Phys. A847 (2010) 66
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Intensities for detailed studies
A Status May 2004

L T S PRI v s L el
[T}
3
- \ Space charge limit for stripped ions
8 10m € ,/ ,,,,,,,,,,,,,,,,
E Kr'*
E . Kr*
o qon | L~ 0 ] .
5 xe e production
g A e target
10° - R e -
: H FRS
=
0 10 2‘0 3‘0 4IO 5I0 GIO 7I0 BIO 90
Atomic Number
=, T0== e
E 1 %—9—@
LU:;--@ — reaction target
= = _J
~ 1%,
UNILAC /-1l
D ALADIN
>0m LAND

H. Simon @ Crossing bounds: From exotic nucl. sys. to FAIR _ 35/90



Results and current limits ...

« Comprehensive study 0L 2L L
of exotic unbound systems first time !
7 9 10
with extreme A/Z He He[™He
» Structure information °H
unveiled new data

counts

24() 25() 26()

*e.g.
Unbound oxygen isotopes
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Results and current limits ...

|
» Comprehensive study oL 2L [ 13L
of exotic unbound systems first time !
- d He °He |'°He
with extreme A/Z
. . 5
e Structure information H
unveiled
E 4 : (¢) G-matrix NN + 3N (A) forces
2 i
240 1250 (260 §
:
e
ce.g. 2 |
Unbound oxygen isotopes e
8 14 16 20
Neutron Number (N)
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What next ? Target recoil detection !

L.V. Chulkov et al., Nucl. Phys. A759(2005)43 T. Neff et aI Nucl. Phys. A752(2005)321c
°He @ 700 MeV/u -

‘IUBe "o "Be

5| - | % ~ 1t GCEOJ ]

z[fm]
O

o - knockout

O Q@\ “Be o
~—" 5l 00 L o, {1 g i
3 g -
E = @ - “?O |
® % o F @ 8 1r o@
g 2 k. §
5L L 4 {F 7} 7 J
’ \v/ Q;z: /
n-knockout " 5 0 5 5 0 5
= x [fm] x [fm]

Direct observation of
kinematical correlations =

0, 0 (°) (1) (Cluster) spectroscopic factors
%P (p,2p),(p.pn),(p,px) inv. kinematics
liquid hydrogen or CH, target

& recoil proton detection (i) clean production of “H, "H,...

via a knockout !
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Quasi-free scattering in inverse kinematics

\ "

projectile Z,A

CH2
target

proton

redundant experimental information:
kinematical reconstruction from proton momenta

plus gamma rays, recoil momentum, invariant mass

sensitivity not limited to surface

— spectral functions

— knockout from deeply bound states
cluster knockout reactions

H. Simon ® Crossing bounds: From exotic nucl. sys. to FAIR

Si, strip ‘ B

Csl, Nal

X, AE

00-150 O
0200 Y
b *
, - , , T 200-250
0 20 &0 : 60 80
E,[MeV] — [Saclay data for 1€0Q]
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New Experiments (Aug/Sep 2010)
R3B/FAIR precursor: Setup at Cave C

Active slit Protons ALADIN dipole LAND

Veto
Scintillator
Crystall

Position-sensitive  Ball L
PIN diodes e oDV p 4

Protons Fragy
Drift chambers ToF walls (scint. )

Neutrons

Beam
from
FRS

(p,2p) CH, target
Coulomb Diss. Pb

proton and gamma | with drift chambers (10080 cm?)
detection resolution ~200 pm
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Experimental Setup (less schematic)

QS%<\1;2\Y2006

H. Simon ® Crossing bounds: From exotic nucl. sys. to FAIR



QFS with Exotic Nuclei:*’Ne(p,2p)>O+p
The two-proton Halo (?) nucleus 'Ne

Nucleus of interest Excited Fragment
A 4 O Evaporation

q p,n,dt,...

Bound Proton Re c0|I q .
Scattered Protons:
0. — ‘ e ~ opposite ¢ angles
¢ opening angle ~ 90°
Free Target Proton 1 P 9 ang
@
Internal Momentum Separation Energy

g=—"Pa1=P+P— P Es :T1+T2+TA—1_TO

Pilot experiments with 12C, 1’Ne and Ni isotopes

already performed at the LAND-R3B setup are
under analysis ...

Angular Correlations measured with Si-strip
detectors for  1’Ne(p,2p)°>O+p

AO~180°, Ap~83° (sim. as for free pp scattering)

I | \ I
ﬁ. . . % 30 60 a0 r
H. Simon ® Crossing bounds: From exotic nucl. sys. to FAIR 2/90
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The origin of elements

B Big bang nucleosythesis = Silicon burning . |
E Hydrogen Burning CNO [C Equilibrium reactions/Photodesintegration
Ll Helium Burning B Spallation in the ISM
L Carbon burning [C s-process/p-process in AGB stars
B Neon burning [ r-process in Supernovae
u Oxygen burning

Eta Carinae
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Nucleosynthesis (A =2 56)

e.g. r-process (~5x10° K) narioom TN
(ny) < (v.n) e
n=10%°cm3 s
q9° MIITUH:‘IE}I Frog 0
CONNE:
$ e
v r-bumps explained, depend

e strongly on nuclear structure

gEBfT S R L. Kratz, H. Schatz, B. Pfeiffer extrapolation ! ETFSI-Q
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Nucleosynthesis in the r-process (rapid neutron capture)

Nucleosynthesis in the r-process

JINA

L
L= | punm ]
: : . = It ]
Joint Institute for Nuclear Astrophysics 2002 lLiLLAI | :
% (LI LLLLLL -} Hd
o0 (ETETETEL] r = fulu
: . - : BB (TITILILLL fujuls
Movie 'H. Schatz, National Superconducting Cyclotron Laboratory = 2 HH EEE
Galculation : K. Vaughan, J L Galache, - :m‘;:““”‘ﬁmt C
and A. Aprahamian, University of Notre Dame 80 (CTTIITITIT wu,
T8 T L] B
Model ' B. Meyer, Clemson University Ao HHBHHHHE S
and R. Surman, North Carolina State WL | Ll HEHE S e
2 T TT o O O e
ke HHHHHHHEE =
&8 [TTIT] CHEFRHHAHAEAARD™
&6 (LT HHHHHH B o=
CiSENEENENEEENEEIAEEEE B 2N SEEEEEsEEEnsnaEssnEnanemeenansannananngeieinlslnlsl e 152

&2 [ITTT

&0 I

=/ LLLL

LR E

St I

o
- 12
g u fu

4 nene

- T12114
~ 1o

L a8

e

a4

L ‘&0
MZHUEXZZHNRHEBHLHLEZHELEIIRZNS 2

14
C 10002
=2

Temperature: 1.50 GK
Time: 2.7e-14 s
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The dipole response of n-rich nuclei and the r-process

r-process abundance

10t g
10° 1 i GDR
<§ 107 ' l“._l__l—H"'l__"I':l:|n
= N 5 [l
E LO_Z? E o GDR H- .ﬂ
< -3
g’ |
107}
10-5: T i = E. Litvinova et al.,
80 90 100 110 120 130 140 Nucl. Phys. A 823 (2009) 26
S. Goriely and E. Khan, 107: - — — . — ]
Nucl.Phys.A706 (2002) 217 i — Microscopic (RQTBA) E1 1
R ! — Lorentzian E1 ]
s
o)
S
e 6
Z g 10°¢ Factor ~ 4
r-process 2
B
(rapid neutron capture) E
i 131811(11,'}’)132811

—
o
(&3]
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Studies of neutron-rich nuclei in the laboratory (survey)

Pygmy Resonances enhance (y,n) via direct capture ?!

L) I "'::'-;-' -

charged
fragments

dG/dE" [mb/MeV]

neutrons

E* from relative
& gamma energies

dG/dE" [mb/MeV]

conversion ©\ ke

to photoabsorption : :
P P Result: There is low lying strength !
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Can we learn something on neutron matter?

S 30 |
]
=3 i
fa) -
K op [ neutron
L matter\
0 F
drip-line nuclei
0 r N/Z=2-3 ]
10 F ]
[ stable nuclei1 ]
N/Z=1-15 A 8 ;
o0 Lot ] A ...vcc.. e, S
r. Neutron Vortex L’)/’/
0 0.1 0.2 0.3 0.4 :

p (fm™)

The nuclear equation of state:
dependence on n-p asymmetry and density

Neutron Star

- symmetry energy and its density dependence close to saturation density
— properties of n-rich nuclei ?
Dipole vibrations, neutron-skin thickness

- symmetry enerqy at higher densities — reactions with n-rich nuclei
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Dipole-strength distributions in neutron-rich Sn isotopes

Electromagnetic-excitation  Photo-neutron cross section
Cross section

‘ —1300
stable — 124g
1 200
. : 100
radioactive
1 L1 ‘ 1 1 | | 1 | 1 1 | | 1 L1
= 400
—
=
:.é 200 300
= 200
=
2 10 — 100
= 1
1 ‘ 1 1 | | 1 | 1 1 | 1 111
E “,Pn) (:3:-) 1] 400
= 1
‘é 200 — L4300
— 1200
<3 L
2 100 R + H1o0
g £ 1
-f.LOT L |“‘F-|.| | .|..|'|" [ T B B A B R R
10 15 20 10 15 20
E [MeV] EY [MeV]

P. Adrich et al., PRL 95 (2005) 132501
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G, [mb] G, [mb]

o, [mb]

P. Ring et al.
14 L] I L] I I I L] I
[~ 0.2 T T T T T
E=11.6 MeV 1
2= gqf . — |
W =
1ol 00F £ 00
L 0.1 ' S
— \-0'2 = neutrons
8- E=7.6 MeV. | = protons
o4
6 r (fm)

zid
- i

PDR
 Jlocated at 10 MeV
« exhausts a few % TRK sum rule
* in agreement with theory

GDR
* no deviation from systematics
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Pygmy dipole strength, Neutron Skin,
and the Equation of State of neutron-rich Matter

Relation between dipole strength and n-skin thickness n-skin thickness derived from dipole strength
C 0.6 T T 1 T ' T 1 T
g 14 -_ RRPA (DD'M E2, 1328” 05 -_ . KI-E'lSZIFRhC.)Ikay et al. a) _
= 12 a4:30-38 MeV) L 0 Klimkiewicz et al.
LL C 04 4
N— 10 - —_— |
a g E o3| 4
O gL = .
m 8¢ -~ | ivGDR ! } -
W C o 02 F -
=~ 6 [ I i
7l g ‘-0l -
\g 4 f Qf Tl Pygmy 1
m?_ 2 } 00 — =
W P R R S ST 0.1 F Sn isotopes
9.15 0.2 0.25 03 0.35 0.4 . ]
H H 02 1 | 1 1 1 1 " 1 L 1 L
neutron skin thickness [fm] o 15 1o 1 10 s o
A
"...,the pygmy dipole resonance may place important Constraints on EoS of neutron-rich matter

constraints on the neutron skin of heavy nuclei and, as a derived from dipole strength of n-rich Sn
result, on the equation of state of neutron-rich matter. isotopes

J. Piekarewicz, PRC 73 (2006) 044325
symmetry energy a, = 32.0 + 1.8 MeV

pressure p, = 2.3 + 0.8 MeV/fm3
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Additional Information from y spectroscopy

' ‘ ' ' — T T T T T
1296 o 1336, T3,
Lr 1 | NQE N 130g, |
0 - 120¢ | L[ ]| 134
130g S, Ez_ Sn | Sb |
Ir 1 ] f] 0spy @ 132g
2 Ce A -
138 1
—TO e 1+ 144SmN'Iﬂ \\ I]33 sexe | i
%l | e || 124
NE I 1 0 S A s A ISn . |
& . 0.02 0.04 ) 0.062 )
é 132g o=(N-Z)/A
=1r .
= !
P
133sb
! l
0
l34Sb
Tl 1 A Klimkiewicz et al.,
. ' iii i Phys. Rev. C 76 (2007) 051603(R) L

(3]

4 6 8 10
Excitation energy E [MeV]
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Intermittend Summary: Why do we study nuclear physics ...

- Towards a Consistent Understanding of the Atomic Nucleus

e

&

100 I I Illllll I I I

L] lllllll

Shell Mo

_—
oy
o
1]

Microscopic
Ab Initio

QCD

Proton Number

QCD Vgcuum . ' 2 | Quark-Glu

" |Interactio|

(g1l Sy —

1

Neutron Num

= 23T ; { -

«What are the limits for existence of nuclei?
—Where are the proton and neutron drip lines situated?
—Where does the nuclear chart end?
*How does the nuclear force depend on varying proton-to-
neutron ratios?
—What is the isospin dependence of the spin-orbit force?
—How does shell structure change far away from stability?
*How to explain collective phenomena from individual motion?

—What are the phases, relevant degrees of freedom, and symmetries of
the nuclear many-body system?

*How are complex nuclei built from their basic
constituents?
—What is the effective nucleon-nucleon interaction?
—How does QCD constrain its parameters?
*\Which are the nuclei relevant for astrophysical processes
and what are their properties?
—What is the origin of the heavy elements?

»E



Preparing for FAIR ~2017/18




Production of radioactive beams: Methods

H. Geissel, G. Minzenberg, K. Riisager, Annu. Rev. Nucl. Part. Sci. 45 (1995) 163

ISOL IN-FLIGHT
Projectile ISOL:

Source

- spallation (~1 GeV protons)

- fission: p-induced, fast neutrons

% Praductn | (d beam), slow neutrons (reactor),

lon Source IZ;.I phOtonS (e- beam)
Electromagnetic - fusion/evaporation, multi-nucleon
Separator transfer
~1s Separation time < lus
10-100 Kev Energy 11000 MeV/u |N FLl GHT
T . .. .
Ion < gopres 2= R relativistic heavy ions
Post (50 MeV/u — 1 GeV/u)
Accelerator .
- fragmentation

Secondary - ficq] i
Tarat A fission (elm. or nuclear induced)
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RIBs produced by fragmentation or fission

Sn isotopes

Projectile Fragmentation . . u T T T T T |

107 - s
e ;
102 -
@—’ ****** téof@ ********* @—> 0
Projectile TargetQ © Projectile 10° ‘ ] _
Fragment *

Interaction zone

\
o
\
12Xe fragmentation *\ |
%Y projectile fission!

Projectile Fission
Projectile

cross section (barn)
S
I

101 ?) 124Xe fragmentation =

107" G |
ok ”

Coulomb field ' l ! . ! ! . ! .
100 105 10 15 120 125 130 135 140

Fragment Mass Number A

Fission
Fragments

(time of flight through FRS ~300ns)
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Layout and Design parameters
for the Super-FRS

Projectile:
* Elements p - U
* Energy up to 1.5 GeV/u

it e o 10 Goal: Larger Acceptance

(depending on element)

* DC or pulsed operation %

Design Parameters:
g~¢,= 40 1 mm mrad

|

Spectrometer /
Energy Buncher

CDX= 40 mrad 50 m
®, = *20 mrad -
AP/P= £25% LO‘éV'Enerzgy
ranc
Bp = 2-20Tm _
R,=750/100 | ___ Main-Separator _
(first / second stage) Bz i High-Energy Branch
S . Exit Slit
pot size on target Dumps

A Pre-Separator
o, = 1.0 mm W2
Degrader 1

G, =2.0 mm Degrader 2 .
\ g ) Ring Branch
Production 2 Pre-Separator
Target — X
Focusing System Features:
* 2 Separator-stages in achromatic mode
7 » Separation by Bp-AE-Bp method
- (variable degrader)
Driver * Multi-branch system
Accelerator * Large acceptance utilizing sc magnets

» Handling concept for high- radiation area
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Comparison of FRS with Super-FRS, intensity gain

69 m

Sl

Degrader

‘li; S —— D‘r‘\ K
S |y N N

1]
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7
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st AT

CNISH NS | 5
7I~SINDHIXIAN £

A A\ X X\
\ o
= ‘ ||
HIIPDONS ‘ W
B RIAAR A\

Transmission [%]

. ::‘,‘,'/l/ LS NN N 1% 0717 \\ “‘\)\'\";\-;.'-'
I R 21 | a0 rs
B Lo L oL D =
Degrader 2
e A A
Z
150 m
_ gain factor
resolving
BPmax | AP/p | Ady, ADy oard | 1eg ag,

FRS
Super-FRS

18Tm 1.0%
20Tm  25%

+13, £13 mrad
x40, +20 mrad

primary rate

1500
1500

including

1 1
5 10
250 20000
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Separation Performance of the Super-FRS

FAIR

H

1.1 A GeV **U on 4 g/cm’ C target, two Al degraders d/R=0.3, d/R=0.7

126

Proton number Z2 —>

Neutron number N ——~

r-process

Pre-feparator

Features of two degrader stages

» Introduction of another separation cut in the A-Z plane
 Reduction of contaminants from fragments produced in the degrader
 Optimization of the fragment rate on detectors in the Main-Separator

s » Possible usage of Pre- and Main-Separator for secondary reaction studies
:gﬁ | | Low-Energy

e Branch

n 10%s <5

n 10%s

Beam P %85 ~High-Energy Branch

Dumps

4 Degrader 1

Production oL Pre-Se\ 56
Target — — X Z .
_ R .
238U 53
52
- 51
Driver

Accelerator

50
49

. Simon ® Crossing bounds: From exotic nucl. sys. to FAIR
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Production of radioactive beams
by fragmentation and fission FAIR

U+ C » "8n - (from Fission)

10_1 i T T T T T T T T T i 407
. ge
1072 - 20
- 108 & 0
. =,
_8 107 - 3 .20l
= 100
c:) -40
= 10° ‘ R S ‘
8 -0.1 -0.05 0 0.05 0.1
o 107 1129 : * B
@ Xe fragmentation ‘ Ap/p
1078 - 238 T — .
g : U projectile flSSIOﬂ\\ *Xe + C »"*Sn - (from Fragmentation)
T) 10_9 — \ n [ ‘
10-0|- ?124}{@ fragmentation \ - 40 I \
- | _ T 20 [
10 @\E : g
120 ||
10 | | | | | | | | | = 0
100 105 110 15 120 125 130 135 140 3 -20 -
Fragment Mass Number A 40
K.Simmerer -0.1 | -0_0‘5‘ 0‘ 0.05 0.1
H. Geissel et al., NIMB204 (2003) 71 AD/
p/p
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Detector Instrumentation of the SuperFRS

Requirement:

Slow and X

fast extraction ! MF8
PF4 x.y. X'y’ XX’

TOF, mtenmty

1. beam diagnosis
2. machine safety
3. experiments

1012 /s <1019/s <109%/s <10°/s

H. Simon ® Crossing bounds: From exotic nucl. sys. to FAIR I ——
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Bp-AE-TOF method: Requirements

NO CHARGE STATES!

4 N

Bp=A/Z* B- vy 7 AlZ, P Pos res. o<1mm
TOF=L/B o, Timing res.  o: 50 ps
AE~72/32 = Z AE resolution o: 1-2 %

NS /
* Position:  Wirechambers (single event readout)/Diamond
* AE: MUSIC/TEGIC
* TOF: Plastic/Diamond
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Fast sampling & timing techniques

» Challenge: ot 10ps electra
Beam identification at rates up to 1MHz.
ToF over km distance with sub-ns resolution.
AE resolution 2-3%

> Solution:

Fast sampling and FPGA based digital signal
processing & pulse shape analysis.

Campus wide Time Distribution System based
on FAIR BUTIS timing system.

TAC or DLL based Frontends.

; o
TEEEE e R
ll.l,.b 22 J I
L 15 e E{'E‘
b Er o=
g E

» First studies using Tacquila@R3B/Cave-C.

» Digital Signal Processing (for PSP, MUSIC) in
collaboration with KVI Groningen/JSI Lubljana
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FRS & RISING

production
selection
Primary . . .
beam ~ _ , pecondary identification
/ S1 Spectroscopy

Dipole
magnet

Production

target

Degrader

MWd41, 42 x y ——> Position ——> Track of the beam
MUSIC -->dE
SCI21,41 -->TOF -->f
D. Magnet -->B p
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Coulomb excitation
of a primary beam — 84Kr M. Gorska

84Kr (113 AMeV) + Au (0.4 g/cm?

A _

MW MW  Target,” v CATE  wf

2GS 42 i without Doppler correction
3 60 -
o

@ Particle identification before
and after the target

@ Forward scattering angle
selection

FWHM ~ 1.5 %

L]
Counts

Fixed p= 0.4 value

@ Event by event Doppler
correction

TN S T T T T PSSR WO T [N T TN T S [N TN TN TN NN TN OO TN TN IS TN SN SO S (NS
gOD 600 700 800 900 1000 1100 1200 1300 1400
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New Shell Structure: Cr isotopes

e
o szl B(E2) values for >6°8Cr
o e (lifetime/x-secl/energy)
) I (ACT)/N 1'0(ACT)
40H B(E2, Acr) pr— ]/ 54 y p 54 ) B(E2, 54Cf)
" I, (°*Cr) /Npro (°*Cr)
T E Nions l B(E2) | B(E2)wu
: maen o keV] eff.cor. Wuj
3of— 56Cr
. 54Cr 835 3.0-107 21300 Normalisation 14.6(6)
sCr 1006 | 15107 | 6500 | 8.7(3.0)
- o I e 880 | 1.0-107 7800 | 14.8 (4.2)
Indication for N=32 sub-shell closure
A. Burger et al., Phys. Lett B622, 29 (2005)

ol L v v v 1wy by ey 8 T il
© 400 600 800 1000 1200 1400 1EDDE 1800
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RISING = PRESPEC =2

°

AIDA
DESPEC

‘

|
L0051
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NUSTAR Experiments
(NUclear STructure Astrophysics and Reactions)

EXOtiC N UCIei ?EFE}E%D%?.SGW/U HI/DESPEC
* Pulseq and EW bﬁams L AS P E C ,
* Spectroscopy | MATS

d Reactlons & = ¢, =40 © mm mrad
i Low-Energy

* Mass/gs. prop. sanch

Main-Separator s

@ Internal target
y O ”’\‘t::v"\'

Spectrometer / Vi
Energy Buncher 4
:
oAl NesR
CoIIide}Ej%
l

.
R3B |\
"m ‘\“K

Pre- 5
Separator s¢"

,,"' Degrader 1 Degrader 2

. 4
& * .
J v ]
‘ X1
: H CR/RESR
s GSILinear o . I
SRS Accelerator b S . === ‘ 7o
- e a5 1 < IR Y d B
a N , o
B N o s
o
schematic

> Rare Isotope
v Production Target

P EXL :hadron scattering
ELISe : electron scattering

AIC  : antiproton scattering
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0ld and new. FAIR’s synchrotrons,
storage rings, and detectors dwarf the e
- existing facilities at GSI (left).

2 NOVEMBER 2007 VOL318 SCIENCE www.sciencemag.org



NUSTAR Experiments (Start version)
(NUclear STructure Astrophysics and Reactions)

EXOtiC N UCIei ?EFE}E%D%?.SGW/U HI/DESPEC
* Pulseq and EW bﬁams L AS P EC ,
* Spectroscopy || MATS

@ x Internal target
gi—t—O—n ';"'\f?'m

Spectrometer / Ve
Energy Buncher i

lﬁ

1 Acceptanze
[ ] R e aCtI O n S :5_8;:040 n;nm mrad x eA- },‘
0, 20mad Low-Energy Collddy j% NESR
f

* Mass/gs. prop. sanch

Main-Separator s

R ° B :
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Pre- 5
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Id Degrader 1 Degrader 2

A 4 \: 3
% 7

& {5 LEI 13 :
F < | £ :
¥ e o 't CRI/RESR !
gz GSI Linear ud g s e
_ -y == 3 g ]
Accelerator - a = + |
- o4 4 a7 - [ SR Y J B
<Tig B | : N\ " »
2 Vos —— % Q. “‘), 7 K.
. ' y s g p &
= ,. : [ —————— w,
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b
-
o |
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\ Y
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schematic

> Rare Isotope
v Production Target

P EXL :hadron scattering
ELISe : electron scattering

AIC  : antiproton scattering

68/90

0ld and new. FAIR’s synchrotrons,
storage rings, and detectors dwarf the e
- existing facilities at GSI (left).

2 NOVEMBER 2007 VOL318 SCIENCE www.sciencemag.org



Mass: Fundamental Property of Nuclel

» Binding energies

 Mass models Mass matters !
*  Shell structure

> Correlations

e pairing

» Reaction phase space

« Q-values

* Reaction probabilities

» Thereach of nuclei

 Driplines

» Nuclear astrophysics

+ Paths of nucleosynthesis

» Fundamental symmetries

» Metrology

)

Y. Litvinov
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Importance of Atomic Masses

Nuclear

. : Nuclear
Physics & | th)é_sms i Structure
i nuclear binding energies,
Chem |Stry Q-values shell closure, pairing,
basic information dm/m ~ 1-1077 deformation, halos

required

- binding energy

Nuclear
Models

tests of nuclear models
and formulae

Interaction

symmetry tests,
CVC hypothsis

Astro-
physics

nuclear synthesis,
r- and rp-process

dm/m < 3-108
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ILIMA: Set-Up

/from Super-FRS

ILIMA

Particle
Detectors

Isochronous Mass Spectrometry
in the CR

YVt

Schottky Mass Spectrometry
in the CR & NESR

Av g
(¥

Resonant
Schottky -
Plckups

ToF ;
Detectors \ h

Stochastic

cooling
@
A

Particle
Detectors

Schottky -

’ gt Pickups
\

NESR

Electron target

At __Af _ 1 Alm/g)
t foov m/g

Electron cooler
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SMS and IMS

— SCHOTTKY MASS SPECTROMETRY.

(mfa), —] Electron

Schottk Cooler

Noise-P)i/ckups

ISOCHRONCUS MASS SPECTROMETRY,

(m/g), *°
Vi

_>
TOF-Detector

I I 1

Cooled Fragments Vv —0 =Y
: v =

A _ 1AM, v ¥

f ¥ mlq Y V?

N

Vl VO
(m/q),

(m/q),

Injection
\[ |Septum
e

Hot Fragments
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Schottky Pick-Up in the ESR
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SMS: Broad Band Frequency Spectra
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ILIMA: Masses and Halflives

[ stable nuclei

B nuclides with known masses
G.Audi et al., Nucl. Phys. A729 (2003) 3

B iedemeauredBithBURERERSHESRRESR-NESR

m Eoleepapsin eppeaecy

82
D observed nuclei -

8
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NUSTAR Experiments
(NUclear STructure Astrophysics and Reactions)

EXOtiC N UCIei ?EFE}E%D%?.SGW/U HI/DESPEC
* Pulseq and EW bﬁams L AS P E C ,
* Spectroscopy | MATS

d Reactlons & = ¢, =40 © mm mrad
i Low-Energy

* Mass/gs. prop. sanch

Main-Separator s

@ Internal target
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Spectrometer / Vi
Energy Buncher 4
:
oAl NesR
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SRS Accelerator b S . === ‘ 7o
- e a5 1 < IR Y d B
a N , o
B N o s
o
schematic

> Rare Isotope
v Production Target

P EXL :hadron scattering
ELISe : electron scattering

AIC  : antiproton scattering
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0ld and new. FAIR’s synchrotrons,
storage rings, and detectors dwarf the e
- existing facilities at GSI (left).
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Reactions with Relativistic Radioactive Beams
(2017/18)

Large

RIB from
; acceptance
Super-FRS -
p ,.ﬁf/onpole magnet
» Target
* Tracker

e Calorimeter

Neutrons

Heavy
fragments

Protons

F _\l R R3B Spokesperson: T. Aumann
http://lwww.gsi.de/fair/experiments/NUSTAR/R3b.html
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Reactions with Relativistic Radioactive Beams (full)

Calorimeter i
Target-recoil - |
detector '
Target ] .
Y-rays Large-acceptance High-resolution spectrometer
. o
353:3225 dpote High-resolution mode e
' OB - ‘ NeuLAND N
[ R - | . NEU"I"OI‘I? o o —
\ / Large- NeuLAND
-
. Neutrons EEIENEEE
Tracking detectors mode = 00000 eiedesdeshedssdasbssssdasd
AE, x, y, ToF, Bp Heavy fragments 0 1 2 3 & 5 6 7 B 9 10Meter
Diamond- and Si-Strip detectors P
I rotons
- N
alternative: active target ‘o alternative: multi-track detector ———

Kinematically complete measurement of reactions with high-energy secondary beams
Nuclear Astrophysics

Structure of exotic nuclel

Neutron-rich matter
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R3B Si Recoll Tracker

H

Tasks:
» Simulations of target-recoil detector
* elastic, inelastic, quasifree ...
* Si-microstrip prototype testing
* micro-strip, MAPS ...
« Si tracker mechanical design

project started 1 April 2009
* Installation at R3B in 2013

NUSTAR
DABC
DAQ

BUTIS

R3B conceptual design
for Si tracker FEE and DAQ

Si Ladder

Ghit Ethernet fibre(s)

either fibre
or HDMI link

* Mechanical integration of target-recoil detector sub-systems

* with LH2 target and calorimeter
* FEE and DAQ

fibre
links

* 100k channels, new ASIC design (low thresholds, self-triggering)
 Si-tracker construction, assembly and installation
* Liverpool Semiconductor Centre (ATLAS, LHCD, etc)

 Si-ladder assembly testing
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CALIFA Csl/phoswitch calorimeter

General design of the detector based on kinematical considerations

“Egg” shape
Highly segmented !
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CALIFA forward endcap

Phoswich solution is being investigated

. 137Cg
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Neutron detector NeuLAND

C; < 100 ps n n |
Oy vy =1 cm detection principle based #
o 20 keV on ——— * T
size 2x2x0.8m® | Resistive Plate Chambers 1
area ~ 140 m? plus 200 cr
# ch. ~10.000 iron converters ,,
weight ~ 15t * 4x50%¢m
status:

v" proof of principle: RPC excellent for slow protons
v' prototypes with included converter as electrodes:
efficiency of 99%, time resolution ~50 ps
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NeuLAND detector based on scintillators

Simulation of alternative concept:

Studies with different bar size:
e parsof 5 x5 cm
(1600 bars and 3200 PMs)

e pars of 3 x 3 cm
(4500 bars and 9000 PMs)

800 400
700 5 oo pinatts bare « ers fime ren. 350 |- o ieeee
600 E_ 3 cm plastic bars - zero time res. 300 L
500 [ n 250 F
400 — g 200 |
300 £ 150
200 100 £
100 £ 50 F
ﬂn L Py

025 0 0 005 01 015 02 025 03 —
Eret (MeV) 84/90




NUSTAR Experiments
(NUclear STructure Astrophysics and Reactions)

EXOtiC N UCIei ?EFE}E%D%?.SGW/U HI/DESPEC
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P EXL :hadron scattering
ELISe : electron scattering

AIC  : antiproton scattering
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0ld and new. FAIR’s synchrotrons,
storage rings, and detectors dwarf the e
- existing facilities at GSI (left).

2 NOVEMBER 2007 VOL318 SCIENCE www.sciencemag.org



EXL: EXotic Nuclei Studied in Light-lon Induced
Reactions at the NESR Storage Ring

4 h

Heavy-lon

Spectrometer RIB*s from the
P Electron Super-FRS

— Neutrons /
- Charged Ejectiles
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Realization of an RIB electron collider setup
The ELISe experiment

» 125-500 MeV electrons
* 200-740 MeV/u RIBs

=> up to 1.5 GeV CM energy

- spectrometer setup at the
Interaction zone & detector
system in ring arcs

- Part of the core facility
http://www.gsi.de/fair/reports/btr.html

AIC option:

« 30 MeV antiprotons

- detector system in ring arcs
- schottky probes
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Why should one try to collide beams ?
- trying to get through the eye of the needle

 Target and scattered off particles can be detected
=>» excitation and de-excitation process is studied

* ‘no target absorption’
=>» unhampered detection

 kinematical focusing
=» solid angle
=>» Mott cross section enhanced (small angles)

 luminosity for unstable nuclei from a chemically
non selective fragmentation facility
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Summary: there is no smoking gun ...

1 ... at high energies

Elastic
‘ Inelastic Scattering
Scattering l
‘ Knockout \
Reactions \
1 _ Spins
Reactions ‘

Reaction /
Cross Sections

Momentum

Mass

Beta
Decay

7 1N\

Distributions  Correlations  Particles

Beta-Delayed
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Thanks to: T. Aumann, M. Gorska, Yu. Litvinoy, ...
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Final Remarks

* FAIR offers unique opportunities

* The process of building has now been started
In a first reduced version offering already a viable
program for all four communities

APPA CBM panda NUSTAR

- Stay tuned! New website: http://www.fair-center.eu/

A state-of-the-art
accelerator complex in Europe
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