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Introduction: Physics, Experiments, Productidn

At and beyond the drip line: knockout reactions

Dipole excitations of neutron-rich nuclei N N
- Coulomb breakup of halo nuclei
- Giant and Pygmy collective excitations

Future Developments: Experimental Program at F-\lR



Proton - rich nuclei

N=Z symmetry

Proton radioactivity

Proton - neutron pairing
Isospin symmetry

Test of Standard Model
and Symmetries
Nucleosynthesis, rp process

Y ® — Proton number,Z —

2 8 =—— Neutron number, N —

Superheavy elements

Shell stabilization
Long-lived nuclei

184

Neutron - rich nuclei

Neutron drip line
Shell quenching

Skins and halos

Loosely bound systems
Soft collective modes
Nucleosynthesis, r process

114
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First reaction experiments with relativistic radioactive bea
Discovery of the halo nuclei

Total reaction cross sections

— Interaction radii

Interaction Radius (fm)

15
Mass Number A

Bevalac@LBL, I. Tanihata et al.,
PRL 55 (1985) 2676, PLB 206 (1988) 592
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Cross sections for charge-changing
reactions: AZ>0
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SATURNE@Saclay " _
B. Blank et al., 0.5 - T
Z.Phys. A 343 ; T
(1992) 375 [ w5 5 ]
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Mass Number A

Quadrupole moment
Q("Li) ~ Q(°Li)

ISOLDE@CERN,
E. Arnold et al., Phys.
Lett. B 281 (1992) 16

= Spatially extended neutron-density
distribution (Halo)

first theoretical interpretation: G. Hansen and B. Jonson,
Europhys. Lett. 4 (1987) 409



x(r) (fm'/?)
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0.6 VO

04 f i 320 keV

s, 'S_=0.50 MeV
Op. S, =0.18 MeV

Hansen, Jensen, Jonson,

Annu. Rev. Nucl. Part. Sci. 45 (1995) 591

E1 transition in '"'Be

Millener et al., Phys. Rev.
C 28 (1983) 497:

Lifetime © = 166(15) fs

fastest known E1
transition between
bound states
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A new phenomenon at the neutron drip line: Hetﬁ&#e,‘ﬁ;

Neutron halo nuclei :

* At (near) drip line 1n halo
¢S, <~1MeV \
® low angular momentum
* Even-Odd effects 8 \ *0
®° 1n-, 2n-, (4n-) Halos H \
6 M6
5 83 ) 1TB 1QB 16
4 11541286 14Be 12 14
y4 il 10 ' e
3 Li Y
‘ 6 8 8 Ja _
2 He He \ J
3 4 6 .
5 X S, (1Li) = 0.3 MeV
2n halo




Single-particle density distributions Q‘“,‘:@
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dependence on

- separation energy S,

2 - angular momentum ¢

Density (fm‘3)

- charge

~
~
N

asymptotic decay of the
wave function for 2=0:

Density (fm'3)

x(r) =exp(—xr)
S,=0.5 MeV .

K=+2uS, Ih

Density (fm‘3)
=)

z 3
L7 B

Wave functions calculated for a
Woods-Saxon potential (Z=4, N=3)

|. Tanihata, J.Phys. G 22 (1996) 157
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Matter Radii Al g
g . \ 2 4P - .
extracted from total interaction cross section measurégm@_.l% A

Nuclear Radii (RMrmg - 1.47) fm
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Isao Tanihata, Nucl. Phys. A654 (1999) 235



Appearance of a neutron skin in neutron-rich nuc{?}ﬂ? 1D o
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Theoretical prediction
g o06f T T T
3 " Sn isotopes
CJ: 04 L aasy=38 MeV

02 -

B2sn N-Z

Relativistic (NL) and non-relativistic
(Skyrme Sk, SL) mean-field calculations
P.G. Reinhard, priv. comm.
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First experimental evidence
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Interaction cross section measurement (GSI) plus

Isotope shift measurements (ISOLDE)
T.Suzuki et al., Phys. Rev. Lett. 75 (1995) 3241

Other experimental techniques: |V GDR (isoscalar probe), Spin-dipole resonance

(rel. n-skin), Pygmy dipole, anti-proton scattering, e- plus p elastic scattering



Be production
target

A

; ) 1.,
Total absorption measurements ‘”.? '--J‘Tf; ,

TOF/Bp

&‘ 440
rms matter radius

TOF/Byp

o = [ 2rnbdb [1-T(b)]

- |
@g gl transmission function T(b)

Glauber:

Primary beam ; T(b) = exp{‘GNNJ dZ _[ d3l‘ pp(l’)pt(R-r)
(~dox GieMl C reaction
F2 targer free N-N cross section oy R=(b,z)
density distribution p(r)
Tios Qe Cotmaor B aausic
e.g. 2pF: p(r) = po [1+exp{(r-R,)/a}]"

A. Ozawa et al., Nucl. Phys. A 693 (2001) 32

Black disc model:

o =n[R(p) + R(t)

— interaction radius R,

half density radius R, diffuseness a

Problem: one measured quantity,

two parameters
(target dependence, energy
dependence)

Method applicable down to intensities of 1 ion/s !!!




Elastic proton scattering at high energies (~1ig

well established method to investigate nuclear matter distributions of stable nuclei
(see, e.g., G. Alkhazov et al., Phys. Rep. 42 (1978) 89)

measured differential cross section deduced matter distribution
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application to exotic nuclei:
— scattering of radioactive beams off protons (' inverse kinematics ')
— high-energy radioactive beam (~GeV/nucleon)

— measurement of low-energy recoil (target-) proton



Elastic proton scattering on neutron-rich He and I‘i“éqoﬁ$"”
The S105 IKAR experiment at GSI |

SCINTILLATOR WALL
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measured differential cross section
target + recoil detector:  IKAR = Tr Or 2y o 10°
£
trajectory-reconstruction: PC 1-4 %
(Multiwire proportional = 0s : 108 *He E=678 Me¥
chambers) g
beam identification: S 1-3, Veto

4

(plastic scintillators) = AE, TOF, trigger

ALADIN-magnet }

+ position sensitive scintillator wall

10

e E=T21MeV

discrimination of
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projectile breakug e p“He E=702MeV

p “He E=695MeV
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p(r) (fm3)

Ab Initio Calculations for n-rich He |sotope$

Green’s Function Monte Carlo calculations
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— Neutron Halo for 6He and 8He

Matter density distribution
in agreement with
proton elastic scattering data

Proton-proton distribution
function changes only slightly in
6.8He compared to a particle

= Cluster structure
6He: a + 2n (3-body models)

8He: o + 4n

S.C. Pieper and R.B. Wiringa,
Annu. Rev. Nucl. Part. Sci. 51 (2001) 53
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Halo Nuclei - Basic Properties - Key Observablg ! 1 o

Proton and Ne t&ManFldP ntials
11-Li 117 ;
e Symmetry-Energy ~ (N-2)4/A? S
* &->0: neutron leaks into N AL
classically forbidden region o}

| Protons Neutrons

Uir) [MeV]
z

» orbitals of low angular momentum

50 b
60 F

- Large radii and dilute surface Te e v 1 o 2 4 s s
- Low-momentum components ™ m
- Bound-state and continuum sector -
not well separated (very few bound states) os | o
- Pairing / Clusterisation in low-density I : .
medium ? | e

- Decoupling of valence nucleons and core
- Reduced Spin-Orbit splitting (~ 1/r dV/dr )

® Single-Particle Structure ? 15 3,030 Uer
. . - p. S ,=0. €
@ Excitation Modes ?

® Specific Reaction Mechanisms ? : - '
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The collective response of the nucleus: Giant Resonance; ’,:;;-....
ety '

Electric giant resonances

Photo-neutron
Isoscalar Isovector cross sections

8 10 12 14 16 18 20 22 24 26 28
v T T T T T
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Monopole
(GMR)

Cross section (mb)
3
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Quadrupole
(GQR)

Berman and Fulz, Rev. Mod. Phys. 47 (1975) 47
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The dipole response of neutron-rich nucl_ej a

Stable nuclei:

100% of the E1
strength absorbed
into the

Neutron-Proton asymmetric nuclei:

I threshold
= strength

strong

= fragmentation

"

| ',. 1 "l

‘.",L.’ -

f b, ‘pa'l'".

: Iow-IyinQ dipole strength

new collective soft

» dipole mode

(Pygmy resonance)

5 T T T
= = é L
Giant Dipole non-resonant : | 160
agn © r
Resonance transitions 10 ]
(GDR) in
The one-neutron Halo C )
~ 0 : / \|/ : |
— ¢ i 04 | £ | ‘ | - .
E ™0 Z ' "Be — "Be(0") 1 bg’ 7 % 1
== = Pb target
L 180 k -
2 " ® ¢lm. + nuclear NE
120 ” P\]é
&0 ' _ k)
0 r 1 v
tyaal  tyB) iy3ad e &
10 15 20 25
Photon Energy [MeV] o ;
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spectroscopic tool:
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Prediction: RMF

(N. Paar et al.)
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Astrophysical implications: r-process !

r process \

&_J

Relative Abundance

80 90 100 110 120 130 140
- A

S. Goriely, Phys. Lett. B 436 (1998) 10.
(schematic calculation)
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Production of radioactive beams: Methods ' & =~
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ISOL IN-FLIGHT

Projectile IN-FLIGHT:
Source
relativistic heavy ions

(50 MeV/u — 1 GeV/u)

% Production P22 - fragmentation

fon Source ] - fission (elm. or nuclear induced)
Electromagnetic
Separator
o ISOL:
~1's Separation time < lus
10-100 KeV Energy 1-1000 MeV/u _ Spa”ation (~1 Gev protons)
lon< AP [ Storage- - fission: p-induced, fast neutrons
Source cooler Rin
J (d beam), slow neutrons (reactor),
Post -
Accelerator photons (e- beam)
- fusion/evaporation, multi-nucleon
Secondary

Target W transfer

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



Proton Number Z

£ 8 8 3 38 & 3
T T T T T T
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Fragmentation ) i e

Intra-nuclear cascade calculation
(K. SGmmerer et al., PRC 42 (1990) 2546 Two-step process:

-430.-
A1
[4 :781

- 74 +

1) Abrasion of nucleons

— pre-fragment:. <A/Z> ~ (A/Z)

proj
— excitation energy

{ nf - geometrical overlap (Glauber
model) + energy of created

holes (Fermi gas, shell model)

] el
1 &l
I
1 el
[ a) Primary Distribution | o,

N - Intra-nuclear cascade (INC)

A 1 1 1 1 | 1 58 ( 1 1 L 1 1 1 1 1 N — L 1
70 75 180 WS 190 195 200 135 W0 WS 150 155 180 65 170 175 B0 185 190 195 200

Mass Number A Mass Number A 2) Ablation (Evaporation of nucleons)

— fragment:. <A/Z> < (A/Z)

proj

Empirical formula for production cross - statistical model (Compou.ndl
sections: EPAX nucleus), also fission

K. Summerer, B.Blank, PRC 61 (2000) 034607 (see, e.g., M.deJong et al., NPA 613 (1997) 435



Momentum distributions after fragmentation %
14 4

2.1 GeV/u '2C + Be — 9Be

LT T T T T

—~{m t-— <P>
% /§'r i:'ﬁ Nt
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/ 1 \§
\
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o,

T T

(mb/{MeV/c))

ola=

Ol

10717

Fitted
/Gaussicn

N

-

“Ia 3 - s

200 O 200 400

h:l’ (MeV/c)

-400

First experiments at the
BEVALAC

D.E. Greiner et al., PRL 35 (1975) 152

Bfragment ~ Bprojectile

momentum distributions gaussian

Op||® Op.
sudden approximation:
projectile rest frame: 2AP,=0
momentum pre-fragment (PF): P, =-Z*AP,

average nucleon momentum: <P >=V3/5 P
Fermi momentum P~250 MeV/c

A.S. Goldhaber (1974)

Abrasion:

Taking into account evaporation:
A.Abul-Magd and J. Hufner 1976

o)

evaporation = O abrasion

— cytotal = CTGoIdhaber
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Momentum distributions ﬁ 1D o
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PHYSICAL REVIEW C VOLUME 23, NUMBER 6 JUNE 1981

Relativistic heavy ions measure the momentum distribution on the nuclear surface

J. Hiifner and M. C. Nemes
Institut fiir Theoretische Physik der Universitdt and Max-Planck-Institut fiir Kernphysik, D-6900 Heidelberg, Federal Republic of Germany
(Received 29 December 1980)

In fragmentation reactions of the type '°O + target—'°O + X, the momentum distribution of the outgoing
fragment '*O reflects the momentum distribution of the nucleon which is removed from the surface of the projectile
nucleus. We derive a relation using Glauber’s multiple scattering theory and the Wigner transform of the one-body
density matrix. The experimental cross section at 2 GeV/nucl is analyzed with the following result: The uniform and
local Fermi-gas models fail to reproduce the momentum distribution on the surface. The shell model with harmonic

oscillator wave functions is correct for momenta below the Fermi momentum. Hartree-Fock wave functions describe
the data up to 350 MeV/c.

Application to radioactive beams (knockout reactions) for nuclear-structure studies
— Measurement of the nucleon momentum distribution in the nucleus
— Spatial extension of the wave function (Heisenberg)

— determination of the angular momentum of knocked-out nucleons
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Production cross sections for fragmentation anﬁﬁ.!?(j?ﬁ!

12k % e(1AGeV)+Be=**Sn
10_3 I I T I T I
5 10 )
© — _
10° -
Z ]0‘]2: | | | | | L | :
100 102 104 106
Mass number
28 Lt
o il
20 Jfll:ﬂ_rr';

\ 126

197 AUpg (950 AMeV) +Be—mX

¢ [bl

238)(750 AMeV) +Be—=*Ni

8 T T 28
2 E" 20
2 8 0
5 10°F
° el

70 75
Mass number

74 76 78
Atomic number

for 7%8U+208ph

= 100mb
10mb

= 1Imb
100ub
10ub

1ub

Scale
N——»

K.-H. Schmidt et al.



Bp— AE—-Bp
Method

Bp oc By A/Z

AE o 72 f(B)

high beam energy
— fully stripped ions

Measurement: x, ToF, AE
acceptance FRS@GSI:

T v

370 7
% monechromatic] Degrader i 1% (Ap/p)
<[ 360 | T 7 .
ion-
N I ™ ] as .O *+13mrad (transversal)
& 3%0r 1 | optical
-4}
S a0 T+ 1 element
o % 2 o0 2 & Hans Geissel et al.,

NIM B 70 (1992) 286



Summary: Secondary Beams and High-Energy i?é@nf-.é' :
40 %

0.6 <v/c<0.8

Physics Aspects:

short interaction time =>» sudden process
oy lowest at ~ 300 MeV  =>» reduced re-scattering
low transverse momentum =» eikonal approximation

=> reaction dynamics and nuclear structure less entangled

Experimental Aspects:

Thick targets (g/cm?) =>» increased luminosity
Lorentz boost = full solid angle
coverage : = 100%

detection efficiency  mixed secondary beams

- compensating low beam intensity ( 1 - 10000 s!)

for a recent review on reaction models, see
J. Al-Khalili and F. Nunes, J.Phys.G 29 (2003) R89

GSI: uptol GeV/A

Other Laboratories

(up to ~ 0.1 GeV/A):

GANIL / France
MSU / U.S.

RIKEN / Japan




Summary: Physics of exotic nuclei and high- enerqg/ r@ctle:n

A broad physics programme

ﬂf"“-

Experiment

Nuclear radii, density distributions,
halos and skins, nuclear equation of state

Total-absorption measurements,
proton elastic scattering,

knockout and momentum distributions,
spin-dipole excitations

Shell structure far off stability,
single-particle occupancies, spectral functions

Knockout reactions,
quasi-free scattering,
Coulomb breakup

Dipole response of exotic nuclei,
giant dipole resonance and soft modes

Heavy-ion induced electromagnetic excitation

Nuclei beyond the neutron drip-line

Knockout reactions

Astrophysics

(y,n) and (y,p) cross sections (Coulomb breakup)
Gamov-Teller transitions (charge-exchange)

Gamma spectroscopy

Knockout and fragmentation

Large-amplitude motion

Multifragmentation and fission

Reaction mechanisms/applications (hybrid reactors
etc)

Spallation and fission




v’ Introduction: Physics, Experiments, Production

« Dipole excitations of neutron-rich nuclei

- Coulomb breakup of halo nuclei

- Giant and Pygmy collective excitations

» Future developments: Experimental Program at FAIR



The GSI accelerator facilities v!r-!e%‘,’ja;'j
Q Jﬂ AT

primary beam
SIS, l

d_ production target

, FRS
Em_ i

L secondary beam

i )

N P E
UNILAC T

EXPERIMENTAL SCHEME:

I. Production of Secondary Beams Cave B ALADIN
in Fragmentation Reaction LAND

|CO



Experimental Scheme: Il. Separation in FLIGHT

FRagment Separator (FRS)

Production Target 0a,
' /
OAr — : - A ‘)’.’:-;..-.:'. EI _ “F
: X , Achromatic Degrader \ PR
. I UL 5'
- M)
500 Me¥ o) T . \
R OO0 /
Bp— AE —-Bp
Separation in Flight : v, = Vyean Method
Transport efficiency ~ 50 % (fragmentation); Ap/p ~ 2 %
P y o (frag ); Ap/p 0 Bp o By A/Z

Magnetic separation only:
mixed beam (Z/A ~ const.) AE oc 77 f(3)

H. Geissel et al., NIM B 70 (1992) 286
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Measurement of momentum distributions, ‘&%  » -

Mg,

Dispersion matching: "Energy-loss mode"

production target achromatic focus

] dispersive mid-plane u

| el

] breakup target g

. ] Muuu

F2

| M |

Position (momentum) measurement at final focal plane
independent of initial momentum spread — high resolution
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One-Nucleon Knockout: a Spectroscopic Tooltﬁ;@"jﬁp': R
9.4 -

projectile . p “ Pfrag Sudden process
———‘j —————— ‘i ———————— @—) Reaction: At~ 10%%s
———————— m TTT T T Internal motion: ~ 102" s
= Pjag = P,

— measurement of wave function (at the surface: b_>r_)
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One-Nucleon Knockout: a Spectroscopic Tool,' ”? ™, ‘_ f

\/
projectile

‘4 Pcore ‘4 J Ptrag Sudden process

——— - ——— - @b Reaction: At=10%’s
________ =" Internal motion: ~ 10?7 s
v/c~0.6
— Pfrag = 'Pn

Example:

Carbon isotopes

AC+C > A1C +x
E ~ 900 MeV/u
FRS@GS!

Halo

L1 .11 L1 PR I T TN [ T N N T IO BN 1 e oa
T' Baumann et al E]25[] =200 1850 100 -50 0 50 100 150 200 250
longitudinal momentum p; (MeV/ec)

0& -

normalized intensity
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One-Nucleon Knockout: a Spectroscopic Tool ' ' * |

i
projectile &'

J Pcore ‘4 ./‘ Ptrag Sudden process

——— - ——— - @b Reaction: At=10%s
________ =" Internal motion: ~ 10?7 s
v/c~0.6
= Py =-P

g
E o Fourier
o o >
g 10 transformation j
=
| 1 ] | | 1 |
-200 0 200
r (fm) p; (MeV/c)
Extended Narrow

Wavefunction Momentum Distribution
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One-Nucleon Knockout: a Spectroscopic TooI ! “#

projectile . p ‘/‘ Pfrag Sudden process
———‘j —————— “— ———————— @b Reaction: At~ 10%%s
———————— =l "= Internal motion: ~ 102" s
v/c=0.6
— IDfrag = 'Pn

— measurement of wave function (at the surface: b_>r_)

Measurement N Observable
U
Momentum distribution — [-value of removed nucleon
y-ray coincidence = identification of core-state

invariant mass (unbound states)

Cross section —> spectroscopic factor

0 = S x 0, (l.S,)  Ehora

calculation



Single-particle cross sections

knockoul ik O_d*z [ fraction

sp sp

Oepld ") =&
Eikonal approximation:

Ukrnockoul(JTr) — ] d2b / dgfr |<I>;_5_”(r)|2 S(_)(bc)

Sp

core survival

‘shadowing’

— ®;.¢ (r) 1s calculated for a Woods-Saxon Potential

- S, 5, are calculated using target and core density distributions

+ free NN cross sections + energy dep. ratio of imaginary to real part

— no free para.meters
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One-neutron removal reaction (nuclear brea@]‘? ey o
i GRSt

T [ T T U ] T T 1 | 1

. Reaction mechanisms:
— stripping

----- diffraction - knockout (stripping)
=0,1,

- inelastic scattering (diffraction)

o H 8 = cross section dominated by knockout for
g - high beam energies
— - non-halo states
0 2 4 6
S (MeV)

Pstripping =< S(z(bc)[l - Sﬁ(bn)} >
Pinelastic =< [1 = Se(be)Syp(bn)]* > — < 1 = S¢(bc)S, (by) >

no-recoil limit: A, >> 1.b. = Db

2

Pdif fraction = S;) < [1 — S-n(bn)}2 > _SE <1- Sn(bn) >"

elastic scattering elastic scattering

of neutron of proijectile
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Relative Intensity
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Momentum distributions and reaction mechﬁ&&
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VOLUME 77, NUMBER 6
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°Be(''Be,'’Be)X
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PHYSICAL REVIEW LETTERS 5 AUGUST 1996
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Momentum Content of Single-Nucleon Halos

P.G. Hansen

National Superconducting Cyclotron Laboratory and Department of Physics and Astronomy,

Michigan State University, East Lansing, Michigan 48824-1321
(Received 12 January 1996)

. wr .
A /RA

reaction samples only the surface of
the nucleus

— momentum distributions are more

O
o

| Localizéd, Wi, Na™---. narrow than the full Fourier transform
| I IN? Il effect less pronounced for well
0 25 50 75 100 developed halos

Parallel Momentum (MeV/c)
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Knockout reactions as spectroscopic tool Wim! Ir 6
Setup at the NSCL@MSU &_‘a |

Measurement of (A-1) fragments
in coincidence with y-rays

NaI(Tl) array and target

ﬁ] Dispersion matched beamline S800 speCtrograph

momentum resolution for recoil: Ap/p~2.5 % 10-
4 acceptance ~ =2.5%

Reviews: P.G. Hansen, B.M. Sherrill, NPA 693 (2001) 133
P.G. Hansen, J.A. Tostevin, Annu. Rev. Nucl. Part. Sci 53 (2003) 219
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Neutron removal from individual single-particle states: ''Be —%“(’éq
44 |

\

Partial cross sections

&4

y-ray coincidences

60 MeV/u "'Be + Be — °Be + y + X :>

E + T w w_ w I \ ] Ire| ié\ [ [ [ [
o ) . 2 -2 2 — 6.26 | 0.09 "f: 9 1 10 -
; 1 —2 co6 |0.07 5 Be( "Be “Be(l"))
[=
§ 3.37 *Eo.06 102 60 MeV/u |
-0 ] 0.78
1 — 0
10 + -
\ \ \ \
0 2" 1 2
\ ‘ :
RN I I R T Spectroscopic factors
2000 4000 6000
Energy (keV) S(O+)z0 8
Data; S800@MSU, T.Aumann ez al., PRL 84 (2000) 35 \ S(2*)~0.2




number of counts

6 MeV
1H(11Be, 10Be)2H

Transfer reaction in

2560 —
200 | 8(1%Be)<1.2° inverse kinematics:
150 | (singles) GANIL, 35 MeV/u ""Be
100 § S. Fortier et al.,
50 | PLB 461 (1999) 22
of o e o
6 MeV
60 |
a0 deduced
spectroscopic factors
20 - in agreement with
} knockout reaction
0 1"00 | | 150 | I200 | I250
focal plane position (channel)
E. J™ SE-1 VIB-1 VIB-1 SE-2 VIB-2 VIB-2
(MGV) SCxp Scxp Sth Scxp Scxp Sth
0 0" 066 067 084 079 079 0.84
3368 2* 028 017 016 038 022 0.16

do/dQ (mb/sr)

10 |

C.M. angle (deg)




12Be: Breakdown of the N=8 Shell Closuﬁ‘;q? e

One-neutron removal reaction: Momentum distributions

2Be (@78 Mev/u) + °Be — ""Be(I") + y + X SR

‘E 150 | (7Be, 'Be(1/2%)) |
y-ray coincidences ]
T I L g LI | T T T T T T T T — T T T T :.é
1833 N (lzBe . 11Be+1r) 7 g::
BOO - 2 _ 3
o0 F . -
ann ;’I ; E [keV] Iﬂ:

500 r 320 —— 172
400 P

200

do/dP,, [mbA(GeVic)]

100
Q0
BO F
Pl
&l

S0k

0 |
4.15 4.2 425 4.3 435 4.4
Longitudinal Momentum [GeV/c]

— Mixed configurations

40 +

200 300 400 500 &0 o0

= 2 2 ~
EolkeV] (vS12)* 1 (vPyp2)* = 1
Data: S800@MSU, A. Navin et al., PRL 85 (2000) 266



production

100 -

Counts

g
. final focus
Reaction: F4
20 (938 MeV/u) + C — 20 +Yy+X &
e
Momentum

= T =1/2% distribution $

= S (v¢ ® 20(0*)) ~ 0.9(2)

%00 120 -40 40 120 200
D. Cortina-Gil et al., Phys. Rev. Lett. 93 (2004) 062501 Pong(MeV/c)
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The N=20 (closed shell?) nucleus %0 is unbppfﬁ! 1p o

'E 40 2

Experiment at RIKEN:

N 12 I’
40Ar(S4.TAMeV) + To G 10°F E
11 = N=2Z+2 F-E
10 L Jn 32Ne N=27 14 S 10° L =
o 5
L 20F e
or W & £ 10t F
! ) é’ E 0O Experiment A 3
' j - —— Intensity+modified EPAX ~°F ;
8 : ! l L ; L

0 6 i 8 9
Z

Location of the Neutron drip line
only known up to Z = 8:

for Z=8 >N, =16
31 32 33 34 35 36 3.7 3.8Al§.9 for Z —_ 9 RN Nmax > 22

H. Sakurai et al., Phys. Lett. B 448 (1999) 180 ‘
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Secondary fragmentation plus y spectroscﬁﬁ)@

15000 F

-

Ii

) a)| & -
£ s . 210000 ; o)
~ L 2 & Mg =
g - ﬁf & N r"- & 8000 220
E - |rl za 5|._.| E 8.
5 h {j 2 4000 :
- 11000 Q
2 : k 5 2000 9
1 1 1 IS{J]D_DI 1 [ ;OUIOOI 1 | . | 0 :
Tof (arb. units)
i 1 1 1 I 1 1 1
v 9 2000 4000 6000
E,(keV)
n40 @
g a)| g b)
835 g 240 .-
%0
25 1 f .
20 ¥§ no 2* state observed
15 f%;: | <{=mm
5 — energy above threshold
10
5 H
0o 2000 3000 50002000
E(keV) E,(keV)

M. Stanoiu, Phys. Rev. C
69 (2004) 034312



ESPE (MeV)

New magic number N=16 -. ”, (L

1 »-!
lii- Vs

N=20 shell gap New shell All experiments consistently suggest a

VEMISMEE SIZEIE EL WIS vanishing of the N=20 shell gap (280
B (a) —} srsner ] (D) - = unbound) and the

Dl e r:?.:iglr2 po appearance of a shell closure for
4~ P u N=16 (large spectroscopic factor,

0dap high-lying 2* state)
O — Ty Tam = for the neutron-rich oxygen isotopes
i e (d)n p
Z=14 — Z=8
= | J TG -’ Removing 0d;,, protons
pretom; RS p n — less binding for 0d,,, neutrons
j< j>, j> j; .

| — T. Otsuka et al.,

4 spin wave function of relative motion proton neutron PRL87(2001 )082502

PRL95(2005)232502



v’ Introduction: Physics, Experiments, Production

» Dipole excitations of neutron-rich nuclei

- Coulomb breakup of halo nuclei

- Giant and Pygmy collective excitations

» Future developments: Experimental Program at FAIR
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charge ral

Y
Experlmental Scheme: The LAND reaction setu@, h;

Mixed beam

Charged fragments

LAND
tracking — Bp ~ A/Qy

Neutrons

ToF, x,y, z

projectile Photons .
tracking ALADIN

large-acceptance dipole

Crystal Ball
and Target Excitation energy E* from kinematically
complete measurement of all outgoing
particles:

2
Z m? + Z mymYiYi(1 — B;B; cos b;;) — fm,pmj) £* + By
i7]



The Large Area Neutron Detector LANTJ‘Q : "'é*.f |

Plastikszintillaior

Photomultiplier

R

Efficiency

- " '
Rl @{Il_'*_ WY )

'
p & - "
RSN NN

e 6 Lai iisa

% Resolution:
0.4 | Oror ~ 200 ps
Cp ~ 5-10 MeV/c
02 | oy ~ 0.1-1. MeV

0 200 400 600 800 1000 1200
Nucl. Instr. Meth. A314 (1992) 136 Neutron Energy (MeV)
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Scattering of Light Neutron-Rich Nucleri:\_* -
Investigated at LAND@GSI W"' Rl =

53

Knockout core
single-particle structure Neutron skin
unbound states
. . . S .~ 16 MeV
Electromagnetlc excitation n S, ~4-7 MeV
dipole response l > =
single-particle structure o 50 195 | 26 | 210 | 2 | 23g
collective excitations
(soft modes, GDR) 7 PN PN
6 15C 16C 17C
5 13B 14B 16
\
4 10Be 1lBe 1zB 13Be 14Be 12 14
3 < 10L| 11L|
5 6 8 _ 4) "
2 Hf| He)) He| He Halo nuclei & )

> S, ('1Li) = 0.3 MeV
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Reaction mechanisms for two-neutron Halo nuclé 3k

SHe(@240 MeV/u)+ C,Pb — oL +xn 1) 1 knockout:
C ) ~ one n scattered to large angles ( - N=1)

2) 2n knockout:

Apparent neutron multiplicity N

0 1 2 both neutrons react with target ( — N=0 )
B cross section sensitive to correlations
el T A 3) Inelastic scattering (— N=2)
- e C nuclear/electromagnetic excitation

Nuclear excitation of 6He

|||I|I|Y|I|I1l|

Soul Electromagnetic _

o [ p excitation 7| i
I /,+‘\\ s |‘ + k
sl | F I s v 2 ‘
< T // \\\_J % 5L | -
L — — Eikonal = | i
. — calculation s ||H | | || r
-2n ~1n inel. 2 i' T || { | || H

2n 1n inelastic = 2_+ H * “ || III I
knockout knockout scattering T ? ? | _

0 e o ol o

1 2 3 4 5 6 7
T. Aumann et al., PRC 59 (1999) 1252 E* (MeV)
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Knockout to Continuum States: The °He test cas‘:e“ . ;'fd

SHe(1/2
One-neutron knockout on ¢He e1/2 i
(240 MeV/u): 4
Two-step .
/ °He(3/27)4n ™,
process 4He+n
/c~0.6 =T
V/C=~U. 5He -
o(n) p(°He)=—p(n) v
OHe(( )
Momentum distribution  Relative energy “Heen Angular correlation

| 900 t_
_ 800 - = E L| £
:'g -'é 1500 + - % 800 | |"'
=) P 1 278 2 7
g 600 |- £ | 3 B sl
; 400 g I ; %ﬁ ooo |
el o L o
% I 500-j§ § -

200 /’ & ‘8
09 ) | 400
ST, | | g e Ean (MeV) o I ST T TR
-150 -100 -50 0 50 100 150 -1.0 -0.5 0.0 0.5 1.0
p, (MeV/c) cos(d,,)

Data: LAND-FRS@GSI, D. Aleksandrov et al., NPA 633 (1998), L. Chulkov et al., PRL 79 (1999) 201

— Structure of 2n-halo nuclei, spectroscopy of unbound states



11L| 10L|

v/c~0.6
<::m('f

10]_j)=—
b(n) p(*°Li)=—p(n)

e Momentum distribution 10Li

0.1

do/dp, (mb/(MeV/c))

i 1

The halo of ''Li: s and p waves T
g4
HLi+C— "L +n+X
— e
= 0] ;
i |
o = 100 |- i
L' n o 264 MeVil
=
% 50
= N
| |
0 2
@™ Relative Energy E(°Li+n) in MeV
i N
g 10 ¥ Tty 180 —ha
g 50 0 G L TN
] ] ] ] ] ]
- Angular 205 0.5 0.5 0.5
correlations cos(f;,) cos(fs,)

| |
-200 -100 0 100 200

P, (MeV/c)

Data: LAND-FRS@GSI, H. Simon et al.,
Phys. Rev. Lett. 83 (99) 496

= Strong s-wave admixture

(122 1 (P10)* = 1



The halo of ''Li: s and p waves

1L 100 I lJL;|+L"Ir » "L o+n+X :l
o ET
v/c~0.6 o ‘ | ! ML

=
p(10Li)=—p(n) SLi+n :DE 264 MeVil
p(n) =
% Al
—
| Theory:relatvisiomeanfield -
© N
I 1 1 I
J.Meng / P.Ring : :
PRL 77 (1996) 3063 |, ., a ] A
: 4o O@F  Relative Energy E(°Li+n) in MeV
> o t
§ -20 E 100 #"*'*FF"“#HH 180 —h.a
E § 50 g b Pt
— -40 | | | | | |
< gular 0.5 0.5 0.5 0.5
50 itions cos( ) cos( 5, )

Strong s-wave admixture

'80 1 1 1 1 _80

2 2 m~
6 Pr;tonr(zfm) i \e 2--:-: r4(fm) 6 (81/2) /(p1/2) 1




UME 87, NUMBER ¢ PHYSICAL REVIEW LETTERS 27 Aucust 2001 ‘ 6He (p9 2He ) SH H

Superheavy Hydrogen SH 60 ‘ '
AL AL Korsheginnikov,* M. S. Golovkov,* - and L. Tanihata 50 3
RIKEN, Hirosawa 2-1, Wako, Sairamea 357-6198, Japan
ACM. Rodin, A8, Fomichev, 5.1 Sidorchuek, 5.V, Stepantsov, M. L. Chelnokov, V. A, Gorshke 40 |
D.D. Bogdanov, R. Wolski,? G. M. Ter-Akopian, and Yu. Ts. Oganessian
JINK, 141986 Dubna, Moscow region, Kussio m
5 30}
W. Millig. P. Roussel-Chomaz, and H. Savajols o
GANIL BP 56027, F-13076 CAEN cedex 5, Franee ©
E.A. Kuzmin, E. Yu. Nikolskii.® and A. A. Ogloblin 20¢
Kurchatov Institute, Kurchatov squave [, 12382 Moscow, Russia
{Received 27 March 2001: published 13 August 2001)
10t
atGSl: °f®He - t+n+n(proton knockout) O
| | | | | | | )
120 - .
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':E i
S 80 -
- i
= = 5 5 5
] Data consistent with 3-body calculation of
T Shulgina et al (PRC62, 2000, 014312) with
@)
o
I*=1/2* 5H ground state
0
8

M. Meister et al. , Phys. Rev. Lett. 91 (2003) 162504
Nucl. Phys. A 723 (2003) 13




M. Meister et al. ,
Phys. Rev. Lett. 91 (2003) 162504

3-body coordinate frames

analysis by means of
Hyperspherical Harmonics
expansion (truncated)

Ju—
H
th

1.0

0.3
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Conclusion Knockout / Halo Nuclei D » L

« Momentum distributions after one-nucleon removal are directly linked to the wave-
function of the removed nucleon (at the surface)

« Cross sections are large, in particular for Halo nuclei

» Knockout reaction have been established as a spectroscopic tool
- coincident y-ray spectroscopy defines core state
- or likewise invariant-mass spectroscopy in case of unbound residual states
- momentum distributions define I-value of knocked-out nucleon
- cross sections yield spectroscopic factors
- angular correlations — quantum numbers
— disentangle overlapping states in the continuum
- spectroscopy of unbound states (even beyond the drip line)

——>  Comparison of knockout reactions to Coulomb breakup: next lecture



v’ Introduction: Physics, Experiments, Production
v At and beyond the drip line: knockout reactions

- Coulomb breakup of halo nuclei

- Giant and Pygmy collective excitations

* Future Developments




Experimental Approach: {9 ,:’ -"”_;1 460
Electromagnetic excitation at high energ|§s e
§ — Semi-classical theory:
_——
— — dSgy/ dE = N, (E) ©,(E)
0>Rp+Ry 3 Absorption of £
—J- Pb _ o |
‘virtual Photons’ 0ol
********** ol |
Celm ~ £° Ib h / 0l /o
'{/l\\ 0
: " i — .
High velocities v/c~0.6-0.9 _ // 3-ph GDR
= High-frequency Fourier components Ll A i
10" 1 10
Ey,max ~ 25 MeV (@ 1 GEV/U) E (GeV/nucleon)

Determination of ‘photon energy’ (excitation energy) via a kinematically complete

measurement of the momenta of all outgoing particles (invariant mass)



Heavy-ion induced electromagnetic excitaﬁgl

\!4¢

T~2 :
B = 0.9
0 vt

I\Lir (1/MeV)

10

virtual photon spectrum

at high beam energies

Two effects:

velocity plus

Lorentz

contraction

1) ' —

[ 1 —

- 1GeViu
O 50 MeV/u

E1
E2
M1

E,{ (MeV)

v oE

Y

Ay Zy

iy

adiabatic cut-off:

h heys

Emax — =

-

E .x=25MeV
for 1 GeV/u

approaches
plane wave

for y>>1

all N_ equal
(as for real
photon beams)
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-

o, (mb)

400 |

200
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do/dE (mb/MeV)
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1000
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Low-Lying E1 Strength as Spectroscopic T(P},j 1 o

.'T f1

Wave function: e.g. |'""Be> = a|'°Be(0*)®2s,,,> + B|'°Be(2*) ® >+...

3
16n *
T . 1
do(I7)/dE,,, Ny (E) SAE,nlj) > < q| “rY) | @, >
9%ic
Density distribution Differential cross section
e f——r——— ~ 103 —
& S,=05MeV | 2 | 1=0 | Spatial extension
= n | P I qur
ORI [=1) =
o - “"B
i \ % 102
it X = 1 P  x 1 | K- non-resonan
0} : ansitions
| —> — : ‘ : R
i | 100 mb/MeV )
0 ot 0 2 4
1 r (fm) E , (MeV)

Shape of differential cross section = angular momentum |
y-ray coincidence = identification of core state

Cross section = spectroscopic factor
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Coulomb Breakup of 1'Be: T, o
The Classical One-Neutron Halo | {// R, 5.

Be> = VS(2%) ['Be(2")®1ds, > + VS(0*) [°Be(0M)®2s,,> + ...
— _J/

11Be + Pb — %Be +y +n T
L B U A

> -
Q + ,..;
§ 'l 2 = 04 F i
& 60 |- . = 11Be — 10Be(0*)+n |
2 -
]
% i3 I Pb target
O © 0.3 - .
- ® clm. + nuclear
40 ]
nucl. contribution 4
0.2
20 — -
0.1 F
0 T T T {).j.l...l...l...l..'.l
0 2000 4000 6000 0 | 2 3 4 3
E (MeV)

Sum Energy (keV)
ph states at 6 MeV (inner shell p

neutrons lifted into continuum) R. Palit et al., PRC 68 (2003) 034218
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The Classical One-Neutron Halo W? s~

Be> = VS(2%) ['Be(2")®1ds, > + VS(0*) [°Be(0M)®2s,,> + ...
— _J/

E1 strength distribution |

MeV)

£ 08 1
. rlq) |
Spectroscopic factor = s this work
= o (only g.s. transitions)
. . — V.o r .
Analysis in the effective range —
approach: =] _
0.4 | .
S(0*)=0.70(5) .
S. Typel, G. Baur, PRL 93 (2004) 142502
0.2 F .

U R. Palit et al., PRC 68{2003) 634218 ~
E(MeV)



Coulomb Dissociation of !°C and its Halo Structure

T. Nakamura,"-* N. Fukuda,! T. Kobayashi,”> N. Aoi,! H. Iwasaki,! T. Kubo,® A. Mengoni,>* M. Notani,?
H. Otsu,? H. Sakurai,® S. Shimoura,* T. Teranishi,® Y. X. Watanabe,! K. Yoneda,' and M. Ishihara'-
'Department of Physics, University of Tokyo, 7-3-1 Hongo, Bunkyo, Tokyo 113-0033, Japan

2Department of Physics, Tohoku University, 2-1 Aoba, Aramaki, Aoba, Sendai 980-8578, Japan PRL 83
3The Institute of Physical and Chemical Research (RIKEN), 2-1 Hirosawa, Wako, Saitama 351-0198, Japan (1999)
Department of Physics, Rikkyo University, 3-34-1 Nishi-Tkebukuro, Toshima, Tokyo 171-8501, Japan
(Received 25 February 1999) 1112

Relative-energy distribution

— v.uu f f Y
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Differential cross section as a
function of the scattering angle

___________ S, = 160 keV
S, = 530 keV

grazing
angle

o sof
=
~
S
20f 0 <E,,<0.5MeV
1055 05 1.0 15 20 25 3.0

6p (deg.)

Results from the measurement with an
intensity of 300 ions/sec only:

— dominantly dipole excitations

— ground state spin 17=1/2"*

— 18C(0*)®1s4,,: S = 0.67

— separation energy S,=530(130) keV



do/dE , (mb/MeV)

()

) o

Sensitivity of Coulomb breakup &1”:3 1D o e
40 & -

Comparison of the one-neutron halo "Be

with the

well bound 17O d neutron

|

|
:
:
% *ﬁ

o(''Be)

|+

i +
[ ____ ]Z - tﬁ*’ﬂﬁfi& _________________________
x 0.01 +

Breakup of "0

| 1d,,v®0")

S(0%) =0.8(1)

+

it

0

5 10 [5

E., (MeV)

Coulomb breakup is
very sensitive to
extended neutron-
density distributions
(halo)

— applicability as a
spectroscopic tool
mainly for weakly bound
nuclei (large cross
sections)

R. Palit et al.,
NPA 731 (2004) 235
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Absolute single-particle occupancies 3 » 3-:.]
eAD _l

Spectroscopic factors for 2s,,, halo states
Ratio of experimental occupancies

derived from nuclear and Coulomb breakup to shell-model values

in comparison to the shell model

S

00O nuclear m e clectromagnetic /

Typical reduction observed for stable nuclei
(deduced from electron-induced knockout Halo states
reactions)

(almost free nucleons)
effect of short-range correlations
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Isospin dependence of nucleon-nucleon corre{#ﬂ?s iy o
44

1 ! | ! | ! | ! |

Reduction factor | One-nucleon removal reactions
closer to unity

0.8 _
(/0]
hd
5 Known reduction in
506 - . agreement with (e,e’p)
L
C
i
S 0.4 1 -
©
(O]
0

0.2 - Strong reduction ¢ h

® n
A p 32Ar ] A. Gade et al.,
_ PRL 93 (2004) 042501
O ! | ! | ! | ! |
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0
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Sensitivity of Coulomb and nuclear break@h‘:@

Reaction probabilities

probability

™ ———- nuclear reaction 3
{
1
1]
]
1]
n
1
H
1
H —-=. lunuclear
1
[}
A o electromagnetic
i ‘_‘;.‘ fa ) L= sl ]
)
fiy
/ b
; / _— dﬁclm db ﬂclm :

I
|-' [}
i
i ]
I o
i ; ]
f B ]
ll L] e
13 I A0
b (fim)

Nuclear breakup

Am? pir) (1/fim)

Sensitivity to the tail of the wave function only
Alternative approach: quasi-free scattering: (p,2p), (p,pn) etc. at LAND and R3B
or (e,e'p) at the e-A collider at FAIR

10

10

-

Halo-Neutron Densities

T
— WS g 1.25,.a=0.7)

--------- WS (1

, 1.15,a-0.5) E

————— Yukawa

r(fm)

Coulomb breakup

Overlap with continuum wave function
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Future: Quasi-free scattering in inverse kinematiiw?
49

=

Iy,

iy
s ey

kinematical complete measurement of

(p,pn), (p,2p), (p,pd), (p,an), .... reactions
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




Quasi-free cluster knockout

&.‘

Momentum distribution
12UUII|'|'|'|'|'|'

Experiment S174: Proton elastic
scattering (P. Egelhof et al.)

6He+p—>a+p'+x

8y — I | E— = 1000 L S174 ﬁ;ﬁ 5135
e T Helte 716 MeW)h | Y, CHHe (240 MeV/ul
a-knockqut; EBEEEiRrsastiEE=tac: | S5 800 +* 4
B Hi-EHH e n-knockout n-knockout
"% memmae meHHTH - i
O 80 | it B e S O o
O | i st
T | A o e e T & w0
[ ] ‘.lll=======!=l=-= ==..=====l==== _O
: Sl S
on 75 [N el ' n e
E:' -:7".‘5;;:: | 0 I I | L Pltamen,
e iz o < nknockout 200 150 00 50 0 50 100 150 200
gttt (MeV/c)
7(0 L faertaiiag | _ Pax

Spectroscopic factors:
1.7(2)
0.8(1)

neutron:

alpha:

L. Chulkov et al., NPA 759(2005) 43



Electromagnetic excitation of °He

®He + Pb — 4He + 2n

l Invariant Mass

50

150 E |
> 025t
= t |
e e
L 100 & 0.20 -
__g 2
* LU

O
Y 3
~ =
° W
© o

o

E* (MeV)

0.30

015F
o0}l
0.05F ;

0.00

-

ik
U S

i_. Iy e

Semiclassical calculation

do/dE* ~ N,(E*) dB(E1)/dE*

Dipole strength
distribution

Experiment g

3.0 4.0 5.0

- Eyy MeV)

Spatial correlation from dipole strength:

Non-energy-weighted dipole sum rule:
SNEW =3/4 &t Z2e2 (Nh/AC)2 <Rcm h2>

T. Aumann et al.,

PRC 59 (1999) 1252 Sagawa

2>12° = 3.36£0.39 fm
2>12 = 2.24+0.26 fm

= Roc-2n
<R

cm-2n

3b-model: <R, 2>"2 =3.63 fm



Electromagnetic excitation of 6He .\M? '

U S

3-body calculation (Danilin et al)

°He + Pb — %He + 2n

l Invariant Mass

o ] 1 I I I -

150

iy

|{ﬂ’l"' “““ \\\T' fel
p T
i \a‘:\f&gg\\\

100 )
y

'“ it d

I
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,),m
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\I[ I;}gg’&&:‘\\
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I “ \ “‘ “‘\.t\ (e

—
e

50

do/dE* (mb/MeV)

E* (MeV)

Non-energy-weighted dipole sum rule:  Spatial correlation from dipole strength:
Snew = 3/4 m Z2e? (N /AL)? <Rgm-n?> <R_,,>>"? =3.36%+0.39 fm
<R 2512 = 2.24+0.26 fm

cm-2n

T. Aumann et al.,
PRC 59 (1999) 1252 Sagawa 3b-model: <R_,.2>"? =3.63 fm



Astrophysics: Bridging the mass A=5 and A= i‘bi?s s

R-process nucleosynthesis ( type-11 supernova ; neutron-star merging ):  “He( 2n,y)
He and ©°He( 2n,y)8He in the preceding o process may be relevant in
bridging the A =5 and A = 8 mass instability gaps

: °He — n ®He > o +n+n
Dominant: o
non-resonant radiative capture i —T T
n IIII . L ' : E 50 I%}: /
n/n g s 2 Phase space - =
| | s
e : .
| W %
He SHe = 3
‘He _ —— :
g Wr I 1 = 30}
w - - E I
% H._ II {} } J '-";Jn 25
. bl < pS
Here: \% N *}i ﬁ E {jﬁﬁ 3 20 F I /
6He Yvipps) = 5He(g.s.) — ‘He+n | ¥ u.ai i H 1 g 5r
viret) 7> RS RS
Result: G,~ 1.6 mb MeV Y SRR E%‘Hil T
Y ’ Egn (MeV) B el L
0 1 2 3
E_ (MeV)
T. Aumann et al., PRC 59 (1999) 1252




Counts/100 keV

do / dE" [mb/MeV]

Coulomb breakup and Astrophysics

Example: The *C(n,y) radiative capture reaction is impor i?
in the neutron-induced CNO cycles in the stellar evolution *

Measurement of the inverse reaction using Coulomb breakup:

B ey oo (B = GetD 1 B
80 %} _ In,~y re (QJI; I l)(an + l) lu_c? Erel

60 | ﬁ i
[ 6.09 MeV |

a0 F

Gy (ub)

T T T

20

m&m

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

*Hg |
#ﬁ%f,{ws&%ﬁ%& | —

L L L
140; C — (0" +n

120 |

3

(00
o
T

60 | 0.1 0.2

E.w| (MeV)
m==) Problem: energy-resolution at present
T . " P not sufficient to measure at very small
o 2 4 6 8 10 1 u relative energies

4 |

20 |




v’ Introduction: Physics, Experiments, Production

v/ At and beyond the drip line: knockout reactions

v/ Coulomb breakup of halo nuclei

* Future Developments



The dipole response of neutron-rich nuclei a

Stable nuclei:

100% of the E1
strength absorbed
into the

Giant Dipole
Resonance
(GDR)

ji T

(y dad {y.3nd
15 20 25
Photon Energy [MeV]

{y.n)

10

Neutron-Proton asymmetric nuclei: low-lying dipole strength

threshold strong
= strength = fragmentation
non-resonant E | 160
transitions 10
The one-neutron Halo 1 Be o)
0 ———¥— ‘

=
T

Oyxn) (mb)

"Be = ""Be(0 )1

do /dE (b/ MeV)

Pb target

%)

® clm. + nuclear

g
0.1 i
0 L
0 1 3 4 5
E (MeV)
spectroscopic tool:
do : l(rr
I™) = )N G448
r/E*( c) ‘)f;( z Z

nlj

E (MeV)

T.nlj)

% 3" (ql(Ze/ A2 fnes (r) 2.

new collective soft

» dipole mode

(Pygmy resonance)

—

R [e’fm’/MeV]

Prediction: RMF

(N. Paar et al.)

2 -
i 132Sn
8 - -
4+ i
0 M N MR T ——
0 0 20 30
[MeV]




o X
Experimental Approach: Production of (fission-)fragﬁﬁaé*?b%@“j
'

» Primary: 3*108 238U/spill @550MeV/u
'3 ﬁ? Secondary (mixed): 50 ions 132Sn/spill (~10/sec @500 MeV/u)
] PRODUCT | ON .

A e Bp
Z mc By

FRQOM

UNTLAC \\

B 0 — from position at
middle focal plane
of the FRS

|
=.L‘
}[ 1329

B — from TOF

TARGET ‘7

HALL

\
i
I
I
|
I
i
I
| I
J |Z—from AE




Dipole-strength distributions in neutron-rich Sn*{?‘? ess.;'.s'fg_ |

Electromagnetic-excitation
cross section

Photo-neutron cross section

300 =

[ W—

200 ©

100

— 400 =
E (In) =
= -
1; 200 — cLUBS,
— 200
= o100 —
Az —100
_'g 5
* *
I.'I' 1 ‘ 1 I.""i L 1 | | 1 | | 1 I-+-I 1 1 1 | | 1 | 1 1 | 1 I-T-I
— T T i i —
z (In) (3n) 132 400 _g
< ’4Sn L300~
= 200 — 1" e
=
— L 200
= o100 —
o + L 100
o :
~ - N
IL.'T 1 ‘ I‘?tl—l | 1 | | 1 | | 1 L1 1 ‘ 1 1 | | | 1 | 1 1 | | | L1
10 15 20 10 15 20
E [MeV] E. [MeV]
i

P. Adrich et al., PRL 95 (2005) 132501

PDR GDR
SOl sum
E“‘;Ie“{; fraction EI\';I"“:; MFV fraction
[MeVl [%] LA [MeV] [%]
124g ) i 15.3 4.8 116
1308 10.1 7.0 15.9 4.8 145
(0.7) (3.0) (0.5) (1.8) (19)
1328 9.8 4.0 16.1 4.7 125
(0.7) (3.1) (0.8) (2.2) (32)
PDR

located at 10 MeV
exhausts a few % TRK sum rule
in agreement with theory

GDR

no deviation from systematics



AB/AE [ e fin® MeV™' ] dBAE [ fin MeV' ] dBAE [¢ fin® MeV™' ] dBAE [¢ fin* MeV™" ] dBME[e® fin® MeV™" ] dB/dE [ fin Mev ]
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1_5:III|III |

b s
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[
e
=N

8 10 12

E' [MeV]

Low-lying strength in 132Sn mass
neighborhood

odd nuclei allow extending (y,n) measurements
to lower excitation energies

— comparison to (v.v") data for stable isotopes

5MeV < E* < 9 MeV

131
'Sn

Lad

quE]',]IEB.El '.-'r:
14204 < \Il P
1F 144Sm \ f ;_lgng

N

il Sa o an
R0 -

|
0.02 0.04 0.06
EI'F: ﬂf i Z}z.-ﬁ‘}'

Stable nuclei, Photoabsorption, from:
A.Zilges et al., Phys.Lett. B 542,43 (2003)
S.Volz et al., Nucl.Phys. A 779, 1 (2006)
A. Klimkiewicz et al, N. Ryezayeva et al., Phys.Rev.Lett. 89 (2002)
submitted to PRL K. Govaert et al., Phys. Rev. C 57,2229 (1998)

IB(ED) [e fin” ]

116
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Symmetry energy S,(p) and neutron skin in 298P '

0.1 0.2 0.3
neutron density

el
S

® Skyrme
M relativistic meson
A relativistic point coupling 7

[ |

24 26

28 30 32 34 36 38 40 42 44
symmetry energy a, (MeV)

Alex
PRL

0.35

0.05

R w

L g

&!Jj § ‘o2
B(p.@) = E(p,0)§.(p)e’ +0(a) , a= "~

1 0°E(p, )

S,(p) = E Py

a=0

Po AK,
=a,+—(p— +
) ,002 (=10 18,05

(p—p0)" +-.

Brown,
85 (2000) 5296

| |
| | R.J.Furnstahl
B - NPA 706(2002)85-110
2 S |« strong linear correlation

A covariant pointcoupling |~ hatyween neutron skin thickness

_$.

@I I | ' i I 1 | 1

0 ) s 6 8 o and parameters a4, p,
P, MeV/fm’)



o

I ) 1y,
Symmetry energy and neutron skin form dipole&g’gf?gthg

Theory: Precise knowledge of neutron-skin thickness could

constrain the density dependence of S(p)

Work Hypothesis: Pygmy-Strength (since related to skin)
should do the same job,

but, experimentally, is accessed much easier !

Inspired by recent article of Piekarewicz (Phys. Rev. C 73, 044325 (2006))
Here:
Quantitative attempt by means of RHB + RQRPA,
(density-dependent meson-exchange DD-ME )

Paar, Vretenar, Ring et al. (Phys. Rev. C67, 34312 (2003))



X Bpp(E1VE Bp(E1) [ %]

PDR strength versus a4, po k.’

28 30 32 34 36 38 40
a, [ MeV ]

RQRPA - DD-ME

N. Paar et al.

’Il

Result (averaged 130.13235n) :

= 320 * 1.8 MeV

p, [ MeV/ fm’ ]

H H i ] ]
28 30 32 34 36 385 40
a, [ MeV |

2.3 = 0.8 MeV/fm3

Po

S(p) : moderate stiffness



Neutron skin thickness

Rn - Rp :
130Sn:  0.23 £+ 0.04 fm
132Sn:  0.24 £ 0.04 fm

Sn isotopes
0.3
| I B | I | E
28 30 32 34 36 38 40 = 02r
a, [ MeV] o | LAND
A. Klimkiewicz, N. Paar, et al, “ 01t 7 e FSU Geld
. ’ - NL3
submitted to PRL DD.ME?2
GI...I....I....I....I....I
110 115 120 125 130 135
A.Krasznahorkay et al. A

PRL 82(1999)3216



208Ph analysis

i
2B, (E1)=1.98 e? fm?

from N.Ryezayeva et al., PRL 89(2002)272501
2B,4(E1)=60.8 e* fm?
from A.Veyssiere et al.,NPA 159(1970)561

B (E1VEB 4 (E1) [ % ]

R,—R, = 0.18 #0.035 fm

ml_|
E
= 0.35
*]
E. A.Krasznahorkay et al.
& 03T NPA 567(1994)521
C.J.Batty et al.
— 025 Adv.Nucl.Phys. (1989)1
[E C.Satlos et al. PR
— o2t NPA 719(2003)304 | p \\
L 1 :
|
- L= 0.15 F B.C.Clarketal \ 1
£ 025 I PRC 67(2003)044306 N y
— . ] ~-"
o L |
= 0.1 4 LAND
TF O
I
0.05
L
“ 015

2003 2003 1994 1939 now

i year

a, [ MeV |



Conclusion D x-"_‘.,,)
J

« Low-lying dipole strength observed in light and medium-mass neutron-rich nuclei
« Threshold strength (halo nuclei) established as spectroscopic tool

o Peak-like structure below the GDR in 1301325 at about 10 MeV excitation energy
exhausting about 5% of the energy-weighted sum rule

« Parameters of GDR in agreement with systematic trends derived from stable nuclei

« Symmetry energy and neutron-skin thickness from dipole strength: a first attempt

Outlook:
« Systematic measurements of dipole strength in neutron-proton asymmetric nuclei

« Theory+experiment: Relation of low-lying dipole strength to symmetry energy and
neutron skin

» Decay characteristics (e.g., y decay branch)
(7,7) in 8Ni (RISING), (n) with LAND setup

 Monopole and quadrupole strength:

internal gas target in a storage ring (GSI, FAIR), electron-heavy-ion collider (FAIR)



v’ Introduction: Physics, Experiments, Production
v At and beyond the drip line: knockout reactions

v Dipole excitations of neutron-rich nuclei

- Coulomb breakup of halo nuclei

- Giant and Pygmy collective excitations




FAIR — Facility for Antiproton and lon RGS%—E h,

GSI today

SIS 100/300

N7« RIB Target,,

/ o
Super

T p-bar Target

Linac: UNILAC
Synchrotron : SIS-18
Storage Ring: ESR

e

Secondary Beams:

RIB, Pion

100 m
—

Future Facility



FAIR — Facility for Antiproton and lon Reseﬁ{%‘z?ﬁ':

0

GSl today
" SIS 100/300
*~  UNILAC 4 - -18 \
Additional Linacs " }’:' S RIB Targst,.

Proton, Electron

Additional Rings
(Synchrotron, Storage/Cooling)

SIS-100, SIS -300
HESR ( p )
CR, RESR,NESR RESR
e ( p) - Ring (collider)

/ -
Super

e p-bar Target

Future Facility

Secondary Beams: ‘
RIB, Anti-Proton (I) ) 7\




-3 e —""— o) B B s,
"FAIR Topology of FAIR (FBTR 03420@)
51— b .

Extraction Building
Injaction Building
Emargancy Exit
Transfer Building
Transfer - Supply
Super - FRS
Buper - FRS Supply
Buper - FRS LE - Branch
P-bar - Target

P-bar - Target Supply
CR/RESR

7a| CR/RESR Supply
CR/RESR High Building

LEGEND -
V27
CZZ1 pev

C—_| Bounslary.Line of Buikling Construction . |

~|2| P 8 8|l f »lwml=

7b
8 | NESR

8a| NESR Supply
8b| NESR-F

9 | HESR PANDA Detector
10| HESR - Cooler

108 HESR - Gooler Tower

11| HESR Supply

12| pp

12a PP/HEBT Supply & LASER
13| HESR - COSY

14| NC (CBM)

148 NC (CBM) Supply

15| HEAP

158 HEAP Supply

18| LEAP Supply

17 | Main Supply Bullding

178 Ci Building

- ¥ / = VVARIAN 10.3a j\ :: Super - FRS Targethallo

Office Building

Ra | - 'le

P-LI

.....

.....

-----

] Super-FRS

] 20| P-Linac
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101] 51518 - Transfor
102| Tranafor 15100
103 Super- FRS
104| Transer 515100/300 - Exp.
105| Transfer 1518 - PP
108| Transfer CRIRESR - HESR

DI K R o ) g Stand: 09.02.2006
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FAIR FAIR characteristics ii‘g‘ - B2

Primary Beams

* 10'?/s; 1.5-2 GeV/u; 238U28* High intensities — High precision
» Factor 100-1000

over present in intensity
* 2(4)x10"3/s 30 GeV protons
 1019/s 238U73* yp to 35 (- 45) GeV/u

SIS 100/300

e o i
' ‘\ o s
: . S ]
4 /“H. y
f 4 o/ [EBR//
o Ny Ao
¥ 'xi@} /J' /
7o

—_—

Secondary Beams

Storage/Cooler Rings
 Broad range of

radioactive beams up to 1.5 - 2 GeV/u;
up to factor 10 000 in
intensity over present

» Radioactive beams
* e — A collider

10" antiprotons

| Stored and cooled
* Antiprotons 3 - 30 GeV at 0.8 -14.5 GeV



F_\|R Research fields at FAIR

T N
Q"f%? 445

s with

with beams of short-lived nuclei 35 45 GeV/u HI beams

667 users //

i N ST~ e compressed lon beams
Vs _ & high-intensity
o JE// /A / petawatt-laser

ladron Physics UItra hlgh eIectro magnetlcflelds &
with antiprotons lantenelectroc s with
h|ghly strlpped ions and antimatter

In total more than
2000 users

Alid_et Jte and
ns with ion beams
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F_\|R The rare-isotope beam facility NuSTATﬁ% ‘1;'5 |
Vir i

Low-Energy
Superconducting large-acceptance Cave
FRagment Separator

gas target

eA-
Collider

Super-FRS Energy
Buncher

Pre-Separator ,.J
\
Productio
Targe
Three experimental areas
- Low-energy (0-100 MeV/u)

SIS T - High-energy (0.1 — 1.0 GeV/u)

- Storage/Cooler ring complex

NuSTAR - Nuclear Structure, Astrophysics, and Reactions



FAIR

107
1072
107
107
107
1078
107
108
10°°

cross section (barn)

10—10_

107"
10—12

Large acceptance required for separation of fission fragments

Production of radioactive beams T‘ I_y{ I ye®
by fragmentation and fission Q,‘% R, =

|

|

1

\ |
®

\
' -
‘ —

238 projectile fission

124)%e fragmentation -

|
L 1 _|

1 1 | 1 1 | |

100

105 110 115 120 125 130 135 140

Fragment Mass Number A

K.SUmmerer

o / mrad

o / mrad

**U+C » "8n - (from Fission)

40

20

-20

40+

Ap/p
2Xe + C > ™Sn - (from Fragmentation)
20
0

20 |

40
01 -0.05 0 005 0.1

Ap/p
Martin Winkler




F_\|R Superconducting Fragment Separator Supﬁ'}ﬁégﬁ' %

Two-step separation

— high purity

- up to 20 Tm beams

- Large acceptance:
Ap/lp = £ 2.5%
AD, = * 40 mrad
A® = *+ 20 mrad

Degrader 1

=

Super-FRS

-

e

« 69 m >
AR \l
A IO
{2 3
3
|
i Degrader 2
Iy N
:\ [ / \ ,.>
N pix

Many technical challenges:

- large-aperture s.c. magnets
- radiation-hard magnets

- high-power target

- beam dumps

- radiation issues

— High transmission for fission fragment (intensity gain by a factor of ~10)
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r-process

Proton number Z
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F_\|R Accepted NuUSTAR Experiments at FAIR

- 2004/2005: Lols and Proposals submitted Formation of the
- early 2006: Technical Proposals submitted NuSTAR collaboration
Evaluation by NUSTAR PAC 667 users
1.) Low Energy Branch (LEB)
- High-resolution In-Flight Spectroscopy (HISPEC)/ Zs.Podolyak Surrey
Decay Spectroscopy with Implanted lon Beams (DESPEC) + B. Rubio Valencia
- Precision Measurements of very short-lived Nuclei using an
Advanced Trapping System for highly-charged lons (MATS) K.Blaum Mainz

- LASER Spectroscopy for the Study of Nuclear Properties (LASPEC)  P. Campbell Manchester

2.) High Energy Branch (R3B)
- A Universal Setup for Kinematical Complete Measurements of

Reactions with Relativistic Radioactive Beams (R3B) T. Aumann GSI
3.) Ring Branch (STORIB)
- Study of Isomeric Beams, Lifetimes and Masses (ILIMA) Y .Novikov SPNPI
- Exotic Nuclei Studied in Light-lon Induced Reactions
at the NESR Storage Ring (EXL) M. Chartier Liverpool

- Electron-lon Scattering in a Storage Ring (e-A Collider) (ELISe) H. Simon  GSI



FAIR

Energy-bunched
slowed-down and

stopped beams

 Decay spectroscopy
(DESPEC)
- In-flight y spectroscopy
(3 —100 MeV/u) (HISPEC)
- Laser spectroscopy (LASPEC)
 lon traps (MATYS)

- Neutron capture (NCAP)

Low-energy radioactive beams

Energy-dispersed Monoenergetic
ion beam ion beam

+op —» > p'
p —» > p
-5p —» > p

Moneenergetic
degrader

AT
N

Exotic nuclei from

Super-FRS with

different momenta
+3p, p, -3p

y-ray spectroscopy

-+

N v

) Y

LASER spectroscopy

LASE r.l

T on
beam

Photo
multiplier

Decay spectroscopy

Nal - Crystals

Nal - Crystals
I
N

Trap system
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F_\|R Experiments at the LEB T

&.J

Monojge;gggf in-beam y-ray
|[ 29 - OSO'OV; t;/?ac;s Mo /y spectroscopy
| (1003 Meviu) | A 4| with AGATA

Monoenergetic + variable a, B, y -decay

degrader , Stopped beams - [ spectroscopy
(~25meV) o iIsomers,

very exotic nuclei

He-filled

tch
IoNn caicner o i LASER
R -type beams =
(~10...100 keV) spectroscopy
moments, radii

EBIS + analyzer | in-trap ex-

R e 5| periments
precision mass

mesurements

2
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A universal setup for kinematical complete measurements of [ 1

F-\lR Reactions with Relativistic Radioactive Beﬁm

y-rays

Large- -
Exotic beam from Neutrons acceptance Heavy fragments
Super-FRS Protons  dipole

—_—

NS

Tracking detectors:
AE, x, v, ToF, Bp

Neutrons ‘

Neutrons

High-resolution measurement

The R3B experiment:

* identification and beam "cooling" (tracking and momentum measurement, Ap/p ~104)

» exclusive measurement of the final state:
- identification and momentum analysis of fragments
(large acceptance mode: Ap/p~10-3, high-resolution mode: Ap/p~10-4)
- coincident measurement of neutrons, protons, gamma-rays, light recoil particles

» applicable to a wide class of reactions



A universal setup for kinematical complete measurements of / \

F-\lR Reactions with Relativistic Radioactive Beﬁm

y-rays
Exotic beam from
Super-FRS

—_—

NS

Tracking detectors:
AE, x, v, ToF, Bp

Experiments
> elastic scattering
» knockout and
quasi-free scattering
> electromagnetic excitation

» charge-exchange reactions
> fission

» spallation

» fragmentation

Neutrons
Protons

" e
"‘.? -}

Large-
acceptance
dipole

Neutrons ‘

Neutrons

High-resolution measurement

Physics goals

radii, matter distribution
single-particle occupancies, spectral functions,

correlations, clusters, resonances beyond the drip lines
single-particle occupancies, astrophysical reactions (S factor),

soft coherent modes, giant resonance strength, B(E2)

Gamov-Teller strength, spin-dipole resonance, neutron skins
shell structure, dynamical properties
reaction mechanism, applications (waste transmutation, ...)
y-ray spectroscopy, isospin-dependence in multifragmentation



FAIR

Proton numberZ —>

Production rates at FAIR

Low-lying dipole strength in the context of
r-process nucleosynthesis

Neutron number N ——

126

HE EE B

r-process

10"/s
10% /s
10° /s
10° Is
10° /s
10%/s
10°/s

Relative abundances
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>S. Goriely, Phys. Lett. B436 (1998) 10-18

>S. Goriely, E. Khan, Nucl. Phys. A706
(2002) 217-232



Target recoil detector FEMIEE CEDEIle R3B

plus calorimeter

 S—

High-resolution
spectrometer

Superconducting dipole



F_\|R Experiments at storage rings

* Mass measurements

* Reactions with
Internal targets

- Elastic p scatt.
- (p,P) (o)
- charge-exchange
- transfer

* Electron scattering
- elastic scattering
- inelastic

 Antiproton-A collider

o ool
om0
‘JI? | 4';”-'-‘

Exotic nuclei
from
"D Super-FRS

Electron

Gas Target and
cooler

Detector
Degrader

for fast

Tagging .
of reaction slowing down

products

i strip array

/ ﬁ \\SScintillator

Electron
spectrometer

Reaction zone




FAIR

Collector Ring
bunch rotation
fast stochastic cooling
iIsochronous mode

Storage Rings at FAIR V / i %4

t RIB from S1S18/100/300
t and Super-FRS

4 NESR
& | Electron — lon electron cooling
3] Collider experiments with
! internal target
%

RESR

deceleration (1T/s) to 100 - 400 MeV/u
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F_\|R Mass measurements at NuSTAR/FAIR (IL \ih

masses measured at the
FRS-ESR

r-process
path

path Will be measured with
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stable nuclei

nuclides with
known masses
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F_\|R Light-ion scattering in the storage ring (E)ih)?

Scattering in inverse kinematics

Low-momentum transfer region
often most important, e.qg.,

- giant monopole excitation

- elastic scattering
Experimental difficulty

- low recoil energies

- thin targets (low luminosity)
EXL solution:

in-ring scattering at internal
gas-jet targets

gaining back luminosity due to
circulation frequency of ~ 10°
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EXotic Nuclei Studied in Light-lon Induced Reactions at the NESR Storage Ring
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FAIR

Light-ion / electron scattering

density distributions

elastic scattering

(P.p) , (a,00)
(e.e)

radii, skin, halo

shell structure
In-medium interactions

quasi-free scattering
(p,2p), (p,np)

shell occupancy
spectral S(w,q)

N-N correlations (e,e'p)
inelastic scattering : :
: : \ mixed isoscalar-
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(ee') isovector modes

spin-isospin excitations

charge exchange
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cluster correlations

quasi-free scattering
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F_\|R Electron and Proton scattering v:”‘? o .

Elastic proton scattering:
Matter distribution
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Elastic electron scattering: - % .
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Experimental concepts utilizing reactions with high-energy fragmentation beams to
study nuclear structure of radioactive nuclei were developed and optimized
successfully in the past 15 years

Radioactive beams:

tracking, dispersion matching, cooling, ...
large emittance J . J J

efficient setups (kinematical forward focusing,

low intensity high energy, inverse kinematics, storage ring)
thick targets (high energy)

selective reactions
quantitative reaction models

+ (high beam energy allows m—)>
approximations)

precise nuclear-
structure information

Future: higher intensities, optimized experimental setups
Access to very neutron-(proton-)rich nuclei

New experimental methods

Review: Reactions with fast radioactive beams of neutron-rich nuclei, T. Aumann, EPJ A 26 (2005) 441-478
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