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Can we learn something on neutron

A NEUTRON STAR: SURFACE and INTERIOR
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Supernova explosion Neutron Star

The nuclear equation of state:

dependence on n-p asymmetry and density
symmetry energy at higher densities
— reactions with n-rich nuclei ?
symmetry energy and its density dependence close to saturation density

— properties of n-rich nuclei ?



Observables related to neutron EoS

Properties of neutron-rich nuclei related to neutron matter

Symmetry energy and slope:

— Neutron-skin thickness
— Dipole response: GDR centroid, Pygmy resonance -> dipole polarizability
— Quadrupole response: centroid of isovector GQR

- GMR

Correlations:
— 3N force -> nuclear structure
— 3neutron force -> structure of n-rich nuclei (at and beyond drip),
neutron systems (e.g. 4n)
— N-N tensor and short-range correlations -> quasi-free scattering (p,pn); (p,2p)
— Clustering -> quasi-free scattering (p,pa.)



Constraining EoS by nuclear properties:

possible experiments with radioactive beams

Relativistic Coulomb excitation and invariant-mass spectroscopy:
R3B at GSI and FAIR, EXL at HESR up to 5 GeV/nucleon
-> Dipole polarizabilty

Inelastic alpha scattering
EXL at ESR and/or at HESR at FAIR

-> Giant Monopole Resonance

Elastic proton scattering

EXL at at ESR and/or at HESR at FAIR, active target at R3B
Elastic electron scattering

SCRIT at RIKEN, ELISe at ESR at FAIR

Isotope shift measurements (LASPEC at FAIR)
-> Neutron-skin thickness

? Relativistic Coulomb excitation and missing-mass spectroscopy
p.p’; a,a’; 1°0,1°0 at the storage ring (EXL at ESR and/or HESR)

Total reaction and charge-changing cross sections (see talk of Ritu)
R3B at GSI and FAIR



Alpha scattering off stable nuclei: GMR in Sn isotopes

PHYSICAL REVIEW C 81, 034309 (2010) M t at
casurement a

Isoscalar giant resonances in the Sn nuclei and implications for the asymmetry term in the RCNP
nuclear-matter incompressibility

U. Garg et al.
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FIG. 7. Angular distribution of 1-MeV bins centered at E, =
E, (MeV) 16.5 MeV for '>Sn(a,’) and '?*Sn(a,a’). The solid squares are the

experimental data and the solid lines are the MDA fits to the data. Also

shown are the contributions to the fits from L = 0 (dashed line), L =

« scattering at 6y, = 0.69° for all even-A Sn isotopes. 1 (dotted line), L = 2 (dash-dotted line), and L = 3 (small-dashed
line) multipoles, as well as from the IVGDR (dash-dot-dotted line).

FIG. 3. Excitation-energy spectra obtained from inelastic



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

- giant monopole excitation

- elastic scattering
Experimental difficulty

- low recoil energies

-> thin targets (low luminosity)

Erecoil (MeV)

Experimental approaches:

- active target

- in-ring scattering at internal
gas-jet targets

gaining back luminosity due to
circulation frequency of ~ 10°

100 |

| "H(**Sn,"*Sn) 740 MeV/u

10 | ELASTIC

’ 4He(mSn,mSn ) 400 MeV/u
E =15 MeV

95



Facility for Anti-Proton and lon Research FAIR
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Accelerator Performance for FAIR Experiments

Primary Beams SIS 100
4.5 x 10" U2+ jons/spill; 1.5 GeV/u
1019/s 23892+ yp to 11 GeV/u p-Linac

2 x 10'® protons/spill; 29 GeV . .7 \@L
'. == Ryl HI'TRAPK FRS/. \\\\ﬁ
Secondary Beams Wty S S N3~ M
range of radioactive ion e 7 _,/’8 /_7 ~—__RIB Target
beams up to 1.5 - 2 GeV/u; up to "ACRYRmGO/%, PANDA /
a factor of 10°000 higher in intensity
than presently ,_ 4 SupertRS

antiprotons 1.5 - 14.1 GeV

NUSTAR

Storage and Cooler Rings

radioactive ion beams Technical Challenges

antiproton beams: : : :
_ Rapid cycling superconducting magnets
CR: 108 antiprotons; 3 GeV
rf-systems and control

. 10 i . -
HESR: 10" antiprotons; 1.5 - 14.1 GeV Beam lifetime (dynamic vacuum)

Cooled beams



Experiments at storage rings

Exotic nuclei
from
o ' Super-FRS
 Mass measurements
« Reactions with !
internal targets
- Elastic p scatt.
-(p,p’) (a,0)
- Charge'eXChange Gas Target and
Detector Dearader
- transfer for fast
Tagging slowing down
. of reaction
 Electron scattering products

- elastic scattering

- inelastic

Si strip array

» Antiproton-A collider [l \\ sarter

Gas jet I Beam

Electron
spectrometer

Heavy ions
Reaction zone /



The EXL experiment

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

- O
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Heavy-lon\

Spectrometer

Neutrons /
Charged Ejectiles

>@ 4 Recoil
/ A~ Detector

as jet

Beam in
jStorage Ring

Target-Recoil and EJ
Gamma Detector

around internal target \

RIB‘s from the
Electron Super-FRS

Internal
target

eA-Collider



First pilot experiment at the ESR at GSI

» “EXotic nuclei studied in Light-ion induced reactions at storage rings”

» Direct reactions of exotic beams in inverse kinematics on an internal
gas-jet target
8-10* **Ni ions/spill
» Measurements at very low momentum transfer from FRS \

» Kinematically complete measurement

» First EXL experiment with radio-
active beam at the ESR, GSI:

» 29Ne, *8Ni and *°Ni beams

» “He and H, gas-jet targets

> %Ni(p,p) luminosity: 2.10?° des

Picture: Phys. Scr. T156 (2013) 014016

Mirko von Schmid, TU Darmstadt



Ultra-high vacuum compatible detection scheme

2 Si(Li)
1° Si(Li)

» DSSD: 128 x 64 strips, (6 x 6) cm?,
285 um thick

) A/v: AN\\e -, . . 58 . .
“/y - | ([ /A
> Si(Li): 8 pads, (8 x 4)cm?, 6.5mm thick | L {Inverse Kinematics: a(*"Ni, o)
\ \ \ y /] - 104 r . " ; ;

» Active vacuum barrier }J LA o 19East\llc —
B. Streicher et al., Nucl. Instr. and Meth. A 654, H T e R S it
604 (2011). E’

g 10% |
5
LICJ 101 | 10° ;
) 5°
3
o 100 | /
ec.m. = 0-50’4__-,
B
. . 1071 L \ ! ‘ ‘ i
Mirko von Schmid, TU Darmstadt 0 20 40 60 80 100

Oiab. [deg]



Elastic proton scattering off *°Ni

105

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

—
o
—

energy [MeV]
D 2]
S o
T T

—
(7]
TT T

s b b b 1

48 64 80
DSSD p-side strip

—_ —
o (@]
w [

—
o
S

0 0.01 0.02 0.03 0.04 0.05 0.06
4[(GeV/c)4]

Mirko von Schmid, TU Darmstadt

» RMS matter radius: (r, ‘- (3.76 = 0.08)fm
1107 T T 1
total master, SF 3
Lo uncertants, &8 |
|0 ancertainty, 506G i
i
5 i §
- !
= o
9 ‘ﬁ- i
1104 l
Q 1 2 a a 8§ 5 . é
r(fml
I ' T ' | ' | ' | T
4.1+ this work H— .
I Lombard et al. [1] —o— @S* |
Lenske & Kienle, HFB[2] ™ \(\
40 Antonov et al,HF+BCS[3] ¥ @\\6\ N
E Q¢ |
g 3.9 —
L ]
5]
(8V)
v 38 -
| |
31 i
36— \ | \ | \ | \ | |
54 56 58 60 62 64

[1] R.M. Lombard et al., Nucl. Phys. A 360, 233 (1981)
[2] H. Lenske and P. Kienle, Phys. Lett. B 647, 82 (2007)
[3] A.N. Antonov et al., Phys. Rev. C 72, 044307 (2005)

Mass number A



Energy DSSD1 [MeV]

Elastic alpha scattering off °®Ni (100 MeV/u)

DSSD1 at 80.5°

éxp. data —e—
t-pp potential

TOMP o |
Fit, NN range ——

0.8} 0.7
0.6 06 2pF distribution
= . 05Ff a=0.62fm
04l 04F
0.3
0.2 0.2¢F (q
0 2 4 6 8 10 12 o(e 35 36 3.7 38 39 4 41 42 43 44
b [fm] R [fm]

T(t) = exp (—own |2, dz [ pr(Ppr(R+7)d°r )

(rim) =

Juan Carlos Zamora, TU Darmstadt

3.71(10) fm: This work

3.66(10) fm: Exp. (a scatt.), Nucl. Phys. A 191, 145 (1972)
3.65(5) fm: Exp. (p scatt.), Phys. Lett. B 67, 402 (1977)
3.71 fm: HFB, Phys. Rev. C 72, 044307 (2005)
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Inelastic alpha scattering off °®Ni (100 MeV/u)

Experiment
61, = 27.5 deg
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Multipole Decomposition Analysis
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79+12 present data
5+ 74+22, PRC 61, 067307 (2000)
20.8%%°%, 85+13 PRC 73, 014314 (2006)
211 94 RPA calculation [4]

[4] G. Colo et al, Comput. Phys. Commun. 184 (2013)

Giant Monopole Resonance of %¢Ni

Juan Carlos Zamora, TU Darmstadt
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Symmetry energy and dipole response

polarizability
dipole response
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neutron skin of 298Pb [fm]

n-skin / (L, J) from Pygmy strength "=

n-skin / (L, J) from polarizability

—

properties of
neutron-rich matter
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J. Piekarewicz, PRC 83, 034319 (2011)

J. Piekarewicz PRC 73, 044325 (2006)

A. Klimkiewicz et al., PRC 76 (2007) 051603(R)

A. Carbone et al., PRC 81 (2010) 041301(R)

P-G. Reinhard, W. Nazarewicz, PRC 81 (2010) 051303(R)
A. Tamii et al., Phys. Rev. Lett. 107 (2011) 062502.




Dipole polarizability and neutron skin: neutron-rich nuclei

116
120
124
128
132
136
140

Sn
Sn
Sn
Sn
Sn
Sn
Sn

Relativistic Mean Field Calculation | | |
by Andrea Horvat 600
Higher sensitivity for n-rich nuclei o
£ 500
04— ;
L
E 0.3r Tin isotopes . E 400
g -
% 021 . -
2 300 .
Z o1t !
| | | | | | | ﬂm ! : ! I ! I
U912 116 120 124 128 132 136 140 - 50 75 100
Mass number L [MEV]

Calculation using RHB+RQRPA framewoork with DD-ME2* effective
interaction

*G. A. Lalazissis, T. NikSi¢, D. Vretenar, P. Ring, Phys. Rev. C 71 024312 (2005)




Electromagnetic excitation at high energies

Semi-classical theory:

40,/ dE = N,(E) 0, (E)

b>Rp Ry g Absorption of SIS
——= Pb . , o |
virtual Photons
Oelm ~ Z? L 92» \V/
. OA z
'%\\ 0 I
High velocities v/c=0.6-0.9 i /// 3-ph GDR
= High-frequency Fourier components e A i
10" ! 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)



Production of fast exotic nuclei

» Stable beams from SIS, fragmentation on Be target or in-flight fission

* Selection of radioactive beams in Fragment Separator (FRS)

Bp — from position at
Tonenquellen w../ middle focal plane

(MU(;IS/ MEWVA & V/Hochladungs-lnjektor (HLI) of the FRS
Penning) mit EZR-Ionenquelle P D
Transferkanal 4, = =

Alvarez DTL L e

Hochstrom- \ ﬁz\

Injektor (HSI)

Therapie

Experimentierhalle

Z. — from AE

i L ey P 7 S N P Y R i Y "---|-=<-- Bl
238 24 242 244 246 . 2.5



The LAND reaction setup @GSl

Mixed beam

Wi

Charged fragments

tracking — Bp ~ A/QPy

Neutrons

ToF, X, y, z

projectile Photons . -
tracking . ALADIN

i R large-acceptance dipole

Excitation energy E* from kinematically

complete measurement of all outgoing
particles:

Z m# + Z m;m;viy; (1 — B;3; cos ;) — mpmj)c2 + B,
i i#]



The LAND reaction setup @GSl

Mixed beam
N ——— : Charged fragments

Il

tracking — Bp ~ A/QPy

projectile
tracking

ALADIN

large-acceptance dipole

Excitation energy E* fror

complete measurement of
particles:

Z mimj%‘%‘(l — @ﬁj COS ez’j) — Mproj
i7]

Zm?—l—
i

A 4
A

)02—|—E7




Previous measurements with radioactive beams

Method: Electromagnetic excitation at relativistic beam energies
(C.A. Bertulani and G. Baur, Phys. Rep. 163, 299 (1988))

Electromagnetic-excitation
Cross section Photo-neutron cross section

] . 68 . .
stable ——, | 300 = < (Y'YI ) ,ml .NII USII‘Tg ,R!S,INQ,
radioactive £ __- PDR |
\ — —— Total
100 w1t ]
Q [
S |
1 11 | 1 L1 1 11 1 1 I 11 11 -o
= T T T .l
z l.
= 200 .
. 8 10 12 14 16 18 20
= 100 E._[MeV]
3 Y
© Oliver Wieland et al.,
% PRL 102, 092502 (2009)
Z
= 200
£
. PDR
% 100 « located at 10 MeV
= AF « exhausts a few % TRK sum rule
10 15 20 10 15 20
E [MeV] E, [MeV] GDR

P. Adrich et al., PRL 95 (2005) 132501 *  no deviation from systematics



Analysis of 98Ni: decay after Coulomb excitation

Neutron kinetic energy Gamma sum energy

< T T ; 0'25? T —
2 681 % & - F " ‘ — 3 1
S 10?500 Ni(y*,1n) = 2 [ 0.5 *Ni(y*,1n) ]
8 o) Neutron E,__ - = 02 0.4F, 4
'gcl Eyn fit ] -Iié % 0'3:_ 1
% — — Statistical decay contrib. | 3 0.15 0.2F 4
B ffffffff Non-statistical decay contrib. ’ I_ ElE
© 10 = = LTI WS URE B
; 3 0.1 1000 2000 3000
E E + BNi(y*,2n) .
- Rdirect = 24(4) % oo E
= ) LN ++++++*+ﬁ&£¢ﬁ+ b +44:
- In 0 1000 2000 3000
i E, [keV]
; [ [ [ [ L I
= single E “hity2n E
£ 8¢ Buin Nouton £y 1 consistent fit taking into account:
wr E =" o " o PT“ :’on kin i
E | 52% "s“nl - Egnki:tﬁt _| . . . .
10F /qa 2 f 3 1) invariant mass, but also information
- Miaw 'Ry I .
K 3T o SE,, | ofsubsets like Ey (), Eg,n etc.
B [E‘f .‘l‘ ll ][ N
1E 8 7 = .
| 2n l § T RplE 2) detailed knowledge about detector
H iy @ f .
ii hi ] | ']l ] response function
0 2 4 6 8 0 12 E7
E, [MeV]

D. Rossi et al., PRL 111 (2013) 242503



Dipole strength distribution of °8Ni

Simultaneous fit of spectra with 8 individual energy bins as free fit parameters:
,2deconvolution®

;! __ ‘I T I T T T T T T T T T T T T I T T T T __ ;‘
é’ 1'6: | —— GDR + PDR (fi : § GDR
T 1.4 | — - GDR (fit) = 2 - . PDR
> - ‘ GDR (systemat.) . = — Total
u F ER
2 1= - S
oo F ] .'
E 08__ ‘ -] ||
© - ] !
0.6__ ‘ __ " 1 " 1 " 1 ‘n. 1 " " 1 1
043_ | B 8 10 12 14 16 18 20
| - E, [MeV]
0.2 - B O. Wieland et al., PRL 102, 092502 (2009)

o 1 1 |I 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 |_
10 15 20 25 30
E [MeV]

This work Lit. Ref. .
E. [Mev] 17.1(2)  17.84 Direct gamma-decay
GDR r [MeV] 6.1(5) 5.69 [30] branching ratio
Sewsr %) 98(7) 100 [/T'=72)%
Em [MeV]  9.55(17) 11
PDR o [MeV]  0.51(13) <1 13, 25]
SEWSR [%] 2.8(5) 5.0(1.5)

D. Rossi et al., PRL 111 (2013) 242503



Polarizability and neutron skin

g 0.85 . AR,,=0.286 fm E 0,3i | -
o E ---AR,;=0.235fm a B 7
E 07 __aR,,=0.1761m o« - E
= O F < ¥ ]
[} = - i
05 0.2 =
= - —— g ]
= 015 - o =
g g | ]
- 0.1F | E
:_ _I 1 I 1 1 I 1 1 I 1 1 I 1 I 1 I I 1 ]l
- 3 32 34 36 38 4 42 44
s ap [fm?]
Neutron-skin thickness
o Using one particular RMF
o he g (E ) d interaction (Piekarewicz)
ap = PYD) 5 E
2= Jo B
ARn,p =0.175(21) fm
Theoretical calculations from Extracted value depends on

J. Piekarewicz, PRC 83, 034319 (2011) functional used !

D. Rossi et al., PRL 111 (2013) 242503



Combined analysis of polarizabilities

200F .
[ “g
—~ N —
2 180} =
— o
> 160f =)
s >
\Q 140:' oob-?‘
S [ 2
120F 4
[ S
100"
24F
SR
o - v TAMU-FSU
£ 22F o DD-ME )
Z [ o SAMI-J <y .
~ N i
= 207 @I .
S b I RCNP |
s [ :
I8y : )
34 3.6 3.8 468 4.2 4%.4 4.6 4.8
o, (" Ni) (fm”)
Data: 208Ph: Tamii et al, 68Ni:

PRL 107 (2011) 062502

PRL 111 (2013) 242503
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800F
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120Sn: T. Hashimoto et al,
PRC 92 (2015) 031305



Constraining symmetry-energy parameters L and J. with

measurements of the dipole polarizability

Combined analysis of polarizabilities for
208pph, 120Sn (RCNP), and %8Ni (GSI)

TABLE I. Various estimates of the neutron skin thickness (in fm)

. of ®Ni, '2°Sn, and 2®Pb. (a) Lower and upper values of Ar,, as
Xavi Roca-Maza et al. ’ predicted by those models that reproduce the experimental values of
Phys. Rev. C 92 2015 064304 the electric dipole polarizability of ®Ni, 2°Sn, and **Pb. (b) Mean

y pole p y

value and standard deviation of Ar,, as predicted by the same subset
of models in column (a). (c) Predictions extracted from the correlation

44 — apJ-Ar,, using a suitable range for the symmetry energy coefficient
i J (see text for details).
40 B Nucleus Ar,, () Ar,, (b) Ar,, ()
I Ni 0.15-0.19 0.18 4 0.01 0.16 & 0.04
—~ | 1208n 0.12-0.16 0.14 4 0.02 0.12 & 0.04
% 36 208pp, 0.13-0.19 0.16 & 0.02 0.16 £ 0.03
=
3l
[ From ocDexp(GaNi) ]
© From o, “*("*’sn) | 30 < J < 35MeV
28 ‘" iFrom aDexp(ZOSPb)—_
L L L I L L L I L L L I L L L I L L L I L L L
20 40 60 80 100 120 20 < L < 66MeV

L (MeV)



Collaboration of ®8Ni dipole-response experiment

Measurement of the dipole polarizability of the unstable neutron-rich nucleus **Ni
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