The Radial Shape of Exotic Nuclei from
Intermediate Energy Elastic Proton Scattering

L]
i .

Peter Egelhof
GSI Helmholtzzentrum far Schwerionenforschung, Darmstadt, Germany

Neutron Skins of Nuclei

MITP Mainz, Germany
May 17 - 27, 2016



[}
¥

)

1.
V.

VI.

ﬂ GSII

The Radial Shape of Exotic Nuclei from a8 F
Intermediate Energy Elastic Proton Scattering __

- J
'.h _l_

Introduction

Intermediate Energy Elastic Proton Scattering
—a Tool to Study the Radial Shape of Exotic Nuclei

Results for Light Nuclei at Low Momentum Transfer g
Results for Light Nuclei at Higher g
Results for Heavier Nuclei from Storage Ring Experiments

Which Accuracy on Neutron Skins can be Reached?



|. Introduction

H - target

classical method of nuclear spectroscopy: beam of exotic

= light ion induced direct reactions: (p,p), (p,p'), (d,p), ... E H

= to investigate exotic nuclei: inverse kinematics \

1H (AX, 1H) AX

/proton-
detector

one-neutron halo

past and present experiments: !

preton halo

= light neutron-rich nuclei: skin, halo structures
= new technology: concept of active target 11]~ :

future perspectives at FAIR:

= profit from intensity upgrade (up to 104 !}

= explore new regions of the chart of nuclides
and new phenomena

= use new and powerful methods:

EXL: direct reactions at internal NESR target Gas
= high luminosity even for very low
momentum transfer measurements
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|. Introduction

The radial shape and size of nuclei is a basic nuclear property !
= of high interest for nuclear structure and astrophysics

observables:

nuclear charge distribution: Pcn(N), <r2>"2 = leptonic probes

nuclear matter distribution: pm(n), <r,2>"2 = hadronic probes

standard methods: (see also C.J. Batty et al., Adv. in Nucl. Phys. 19 (1989) 1-188)

nuclear charge distribution: electron scattering
isotope shifts
muonic atoms

nuclear matter distribution: (p,p), (a,a), (11,17), ....



Definitions

all nucleon distributions given are point distributions
(distributions of point nucleons)

nuclear matter distribution p.,(r) = nuclear matter radius R, = <r2>"?
proton (charge) distribution p,(r) = proton (charge) radius R, = <r2>2
neutron distribution p,(r) — neutron radius R, = <r,2>172

Pm(r) = pp(r) + py(r), where p,, p, are normalized to number of protons, neutrons
=ARZ2=NRz2+ N R.?

neutron skin thickness:  §, =R, - R,

note that experimentally determined charge densities are folded with size of the
proton!
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Direct Reactions in Inverse Kinematics &!,-1

classical method to observe spectroscopic information:

= light ion induced direct reactions: (p,p), (p,p’), (d,p), ...
(before RIB-facilities: limited to stable nuclei)

aim: use radioactive beams from RIB-facilities for
nuclear structure studies off stability

method: Inverse Kinematics

. H - target
beam of exotic
nuclei AX
first generation experiments: ‘
® mainly light neutron-rich nuclei (A < 20) & oion-getector

® cxireme N/Z ratio
— new phenomena of nuclear structure
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‘ Halo-Nuclei — a New Phenomenon
of the Structure of Nuclei
e e s - 1 .1

Density Distribution of Nuclear Matter

extremely neutron-rich nuclei: stable nuclei:

neutron halo neutrons and protons equally distributed



o ?
ll. Intermediate Energy Elastic Proton Scattering

- a Tool to Study the Radial Shape of Exotic Nuclei
e

The radial shape and size of nuclei is a basic nuclear property !
= of high interest for nuclear structure and astrophysics

p(r)

<2172

_
r

observables: nuclear charge distribution:  pg,(r), <r,,>>"2 = leptonic probes

nuclear matter distribution:  p,(r), <r,2>"2 = hadronic probes

method: intermediate energy elastic proton scattering

= well established method for determination of nuclear matter
distributions (of stable nuclei)

— what about exotic nuclei?
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Elastic Proton Scattering at Intermediate Energies

around 1 GeV/u
L | M- A"

well established method to investigate nuclear matter distributions
of stable nuclei (see G. Alkhazov et al., Phys. Rep. 42 (1978) 89)
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measured cross sections deduced nuclear matter
R distributions
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with radioactive beams = application to exotic nuclei
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Proton Scattering from Stable Nuclei

PHYSICAL REVIEW C 82, 04611 (20107

Neutron density distributions of **-2%ph deduced via proton elastic scattering at E, = 295 MeV

1. Fenihiro,"" H. Sakaguchi,"" T. Morakami,' M. Yosoi,™" Y. Yasuda"' 5. Terashima, Y. Iwao.! H. Takeda,” M. Itoh
H. P Yoshida,*® and M. Uchida™!
! Department of Physics, Kvoto Usiversity, Kyoto G06-8502, Japan
RIKEN Nishima Center for Acceleraior-Baved Science, Waks, Saama 35710198, Japan
* Research Center for Nuclear Plysics, Osaka University, fharaki, Osaka 567-0087, Jepan
(Rizceived 1I Scpicmber 2010 published 22 October 30107

Cross soctions and analyzing powers for polarized proton clastic scatboring from **Ni, and 24280 wene
mecasuncd i intormediate encrgy £, = 295 MeW. An cllective relabivistic Love-Francy intemction is uned 1o
nproduce *Ni scattoring data within the frameowark of the rolativistic impulse approximation. The noutron
densities of the lead isotopes are deduced using model-independent sum-od - Craussians distributions. Their anror
omvelopes ane estimated by o new y? criterion including unocrointies associated with the reaction: model.
The systematic bebaviors of extracied cmor emvelopes of the neutron density distributions in ™™ *Ph arc
presenbed. The extracied neutran and profos density distribution of * Ph gives ancutron skin thickness of Arg, =—
02115 0y Fme
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Intermediate Energy Elastic Proton Scattering #l..
- a Tool to Study the Radial Shape of Halo Nuclei ~ *

A
aim: quantitative information on the nuclear matter distributions
method: intermediate energy (700 — 1000 MeV) elastic proton scattering

of special interest: light isotopes with halo-structure: ©®He, 8He, ''Li, '“Be, 8B,'’C

for low momentum transfer:

high sensitivity on the halo structure
= determination of matter radii

— determination of the radial shape of the
nuclear matter distribution
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Sensitivity of Elastic Proton Scattering on the ?

Radial Shape of the Nuclear Matter Distribution

b1
_Jith
a (it -"-..,i

assumed matter distribution:  do/dt for p scatterlng at E=700 MeV:

0T
3 5L
107k 10 p”Ll E = 700 MeV
N
102 o 10%%
= P> n=2301fm
(a2} 3 r
‘= 10 O sl /
C10.4 E [ ‘.~
= . .:.102? R,=385fm
10 % i /
o 10'F R =

—_
(=)
=]

0,00 . 0,01 . 0,02 . 0,03 . O’TM
f 2,2
0 m= 0° 't [GeV /C ] 0 = 14°

p''Li, E = 700 MeV

core + halo

do/dt / C,exp(Byt)

no halo

00 001 002 003 004
t 2,2
=00 -t [GeV</ce] 0y = 14°




151

A

Elastic Proton Scattering at
Low and Intermediate Energies

‘Q )

reaction mechanism and effective nucleon-nucleon interaction well defined

for intermediate energy proton scattering (EE > 700 — 1000 MeV):

— Matter distribution p(r) related to differential cross sections

in straight forward way (Glauber theory)

for low energy proton scattering (Eg = 20— 100 MeV):

quantitative determination of p(r) limited by:
e potential ambiguities

e uncertainties in effective pp, pn interaction
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Experiments at Low Momentum Transfer &

&

experimental conditions:

- investigation of exotic nuclei
= method of “Inverse Kinematics”

. H - target
beam of exotic

nuclei AX

ﬁ |:|\ H (AX, H) AX

,proton-detector

- high incident energies (E = 700 MeV/u)
— produce beam of exotic nuclei by projectile fragmentation at GSI.:
Fragment Separator FRS

- low beam intensities: 102 — 10* sec™
- low recoil energies: Tg <10 MeV
— needs thin target and large solid angle detector
solution: recoil detector “IKAR” as active target




The Present GSI Accelerator Facilities

UNILAC: universal linear accelerator O SIS
all ions ('H ...238) G| =
E=3-20MeV/u 0 £ 50m transfer channel Ik RS

SIS: heavy ion synchrotron
E =100 - 2000 MeV/u

ESR:  experimental storage ring - 5oR
beam cooling m@' . =
= excellent beam qualities ~—— / — = -

experimental hall .
UNILAC (3 —20 MeV/u)

FRS: fragment separator
projectile fragmentation
— secondary radioactive beams
with energies E>100- 1000 MeV/u experimental hall
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Production and Separation of Exotic Nuclei with the FRS k
“‘j; KlL

o 20.000 m o
Be- Production Target I F.
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180
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The Present Radioactive Beam Facility at GSI

l §
D nif
pd A
FRS: In-Flight Separator & High-Resolution Spectrometer

PRODUCTION TARGET

ALADIN 1 LAND
T~

Secondary Beam Branches

1. Direct Reactions at External Targets
Active Target IKAR

2. Direct Reactions at Internal Targets of
Storage Ring

EXL Project
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Experiments at Low Momentum Transfer &

&

experimental conditions:

- investigation of exotic nuclei
= method of “Inverse Kinematics”

. H - target
beam of exotic

nuclei AX

ﬁ |:|\ H (AX, H) AX

,proton-detector

- high incident energies (E = 700 MeV/u)
— produce beam of exotic nuclei by projectile fragmentation at GSI.:
Fragment Separator FRS

- low beam intensities: 102 — 10* sec™
- low recoil energies: Tg <10 MeV
— needs thin target and large solid angle detector
solution: recoil detector “IKAR” as active target




Direct Reactions with Active Targets

X, Y
Active Target: Target = Detector  4;ift
chamber

I heavy reaction il
product
: light particle .
active target- detector magnetic
detector spectrom.

— advantage:
e [ow threshold
¢ high detection efficiency (rel. thick target)



(provided by PNPI St. Petersburg)
detection principle:
H,-target = detector for recoil protons

Frisch-grid

Be- i
window
%“-‘-%r---
"Li-beam 7
from FRS ¢
operating conditions:
H,-pressure: 10 atm

entrance window: 0.5 mm Berylium

_________

_anodes

N
T

241

Am o -sources

= @0

_______________

6athode§

target thickness: 30 mg/cm? (6 independent sections)

beam rate: < 10%/sec

but: method limited to Z < 6!



Detection Principle of IKAR

from pulse analysis:
— integral = recoil energy Tp  (AEgyyu < 90 KeV)

grid (0 kV)
| ] potential
L electrode .
anode B | =, 100 |
+10 kV : . __| cathode § ol
anode A ] [ I S
:‘L'i S 60T
| I Sl
| [
= 7 | I PN i
HLi- projectile | \&sA 2
|
:| [ | time, s
| —
|
|
|
|
;

10 em risetime = recoil angle 6, (ABgyypuy < 0.6°)

Start = vertexpointZ,  (AZgyyy < 110 um)
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Data Analysis

3
=
Q |
g
S :
%0 5| o '1|5' a0 '2|5' B '3|0' N '3|5' 40
T, (Tracking), MeV
T (IKAR): recoil-energy measured in the IKAR-detector
Tg (Tracking): recoil-energy calculated from the measured scattering angle:

T = 05 p2/2m,



S. R. Neumaier et al.,Nucl. Phys. A 712 (2002) 247
G. D. Alkhazov et al., Nucl. Phys. A 712 (2002) 269
P. Egelhof et al., Eur. Phys. J. A 15 (2002) 27
A. Dobrovolsky et al., Nucl. Phys. A766 (2006) 1

all experimental data are well described by Glauber calculations




Concept of the Data Analysis

e Glauber multiple-scattering theory for calculation of cross sections:
— use measured free pp, pn-cross sections as input (in medium effects negligible)
— fold with nucleon density distribution
— take into account multiple scattering (all terms!) (small for region of nuclear halo!)

e variation of the nucleon density distribution:

a) phenomenological parametrizations (point matter densities):
G: 1 Gaussian
SF:  Symmetrized Fermi

GG: 2 Gaussians
GO: Gaussian + Harmonic Oscillator

b) “model independent” analysis:

SOG: Sum Of Gaussians
(standard method for electron scattering data:
|. Sick, Nucl. Phys. A 218 (1974) 509)




Free pp and pn Scattering

50

L a)

| w*ﬁ*f+3-'*+gﬁs S
40 |- PP#' .

04 06 08 1 1.2 04 06 08 1
Ep, GeV Ep, GeV

Fig. 2. (a) Energy dependence of the total cross sections o,y for free pp and pn scattering. The data are
from Ref. [9] (dots and circles). The dashed curves result from a phase shift analysis [8]. The solid line is a
smooth-function fit to the data from Ref. [10] (circles). (b) Energy dependence of the ratios €, of the real to the
imaginary part of the pp and pn scattering amplitudes (dots and circles. respectively) obtained with the help of
dispersion relations [11]. The data for pn scattering are fitted by a smooth function (solid line). The dashed lines
represent the results of a phase shift analysis [8].
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" x? Analysis
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Comparison of Matter Distribution
and Charge Distribution of 6Li and “He

l i
for SLi: charge distribution from (e,e) scattering (G.C. Li et al., Nucl. Phys. A 162 (1971) 583)
matter distribution from (p,p) scattering (present experiment)

p(r), fm=
= R . charge radius: R, = 2.56 (5) fm
urzé

: \ matter radius: R =2.58 (7) fm
03l Wy Proton (folded with size

of the nucleon)
107k

Matter

103

0 2 4 6 8

for He: charge radius from (e,e) scattering: R,,=1.46 (6)(1.Sick et al., PRC77(2008)04130z
matter radius from (p,p) scattering: R, =1.49(3)

good agreement
= confirmation of experimental method and concept of data analysis



10°

10"

. 10%

p(r) (fm®

108

10

10

R =2.50 (6) fm

R, = 2.44 (6) fm

pm(r) (fi®)

10 3

10

107 3
102¢

103

"

R, =3.71 (20) fm




do/dt / C, exp(B, 1)

0.01 0.02 0.03 0.04 0.05
—1, (GeVe) °

clear evidence of halo structure in 1Li
“normal“ behaviour for 8Li and °Li

indication of possible halo-structure in
6Li (due to a+d cluster structure?)
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Dependence of the Results on Constraints _" I,

Implied in the Analysis - =

0wer——-ab—--———r+——7——— W77

10"

10"
10 ' ' ' ' 10°
0 2 4 6 8 10 0 2 4 6 8 10
r (fm) r (fm)
phenomenological parametrizations GG, GO without constraints R, =3.71(20) fm
phenome.nologlcall parametrization GG + Hankel-function for R = 3.72 (19) fm
asymptotic behaviour for r > 6 fm m
phenomenological parametrization GO with fixed R _=3.53(19) fm

(1840)2 1 (0p4/5)? = 45 : 55% (from Land-Collaboration: H. Simon et al. )
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Investigation of Nuclear Matter Density Distributions of Halo
Nuclei by Elastic Proton Scattering at Low Momentum Transfer
L' =

nuclear matter T
distributions: '

1) 3
8He matter Li matter

p(1) [fm?]

P () [Fmi]

“He

8He core

1 1 1 1 1 1 1 10—5 1 1 h L
0 1 2 3 4 5 6 7 8 9 10 0 2 4 6 8
r [fm] r [fm]

nuclear matter

» nucleus R aters M Reorer fM R0 fM
radii:
- “He 1.49 (3)
8He 2.53(8) 1.55 (15) 3.22 (14)
OLi 2.44 (6)
ML 3.71 (20) 2.53 (3) 6.85 (58)

® extended neutron distribution in 8He and ''Li obtained

® size of core, halo and total matter distribution determined with high accuracy

® the picture of a °Li (*He) core + 2 (4) valence neutron-structure
is confirmed for "'Li and 8He
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Elastic Proton Scattering from “Be

N .ﬂ’ '

]
&

5 I
differential cross section:

10“1
N:Q 10° x10
E p''Be, E =703 MeV
3
E 10"}
g p"“Be, E =704 MeV atter
103E
103 . 1 i 1 i 1 i 1 i
0.00 0.01 0.02 0.03 0.04 0.05
-t, (GeV/c)* r, fm
S. llieva et al., results for “Be: R ater = 3:25 £0.04 £ 0.11 fm
Nucl. Phys. A 875 (2012) 8 Rere = 2.65+0.02+0.11 fm

e “Be exhibits a pronounced core-halo structure
e the picture of a ?Be-core + 2 valence neutron structure is confirmed
e the present data favour a relatively large s-wave component

(see |. Thompson et. al, Phys. Rev. C53 (1996) 708 )
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Elastic Proton Scattering from 1°Be

-
.

E i
= L ]
- "

5 - . i 5
differential cross section: deduced nuclear matter distribution:
(i} 0 T T T T T
10 j T T T T T T T T T ; 10 128 88 7“ =
] e
. BH e
10 SF erars
"ia 105 XlO
S 14
e p''Be, E =703 MeV o 102
- £
E 10"} =
= = 403
f:; p"’Be, E =704 MeV 10 —
10° § 10
103 . 1 \ 1 . 1 \ 1 . 10'5 1 L 3 L
0.00 0.01 0.02 0.03 0.04 0.05 0 2 4 6 8 10 12
-t, (GeV/e) r, fm

results for ?Be: R ..., =2.71 £ 0.03 + 0.06 fm
Reore =2.17 £0.02 £ 0.09 fm

e 2Be exhibits an extended matter distribution

o the contribution of (sd) intruder states is confirmed
( see |I. Thompson et al., Phys. Rev. C53 (1996) 703 )
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Determination of Neutron Radii and Neutron Skin Sizes | -

LI

needs input on proton (charge) distributions

= use data from laser spectroscopy (isotope shift measurements):
for 8He: Z.-T. Lu et al., Rev. Mod. Phys. 85 (2013) 1383
for %11Li: W. Nortershauser et al., Phys. Rev. C 84 (2011) 024307
for 12Be: A. Krieger et al., Phys. Rev. Lett. 108 (2012) 142501

neutron radius:

neutron skin size: _




nucleus

SHe

ILi

ML

Summary of all Data on Nuclear Radi

2,53 (8)

2.44 (6)

3.71 (20)

2.71 (6)

R fm

core’

1.55 (15)

2.53 (3)

2.36 (6)

halo? fm

3.22 (14)

6.85 (58)

4.00 (28)

R, fm
1.88 (2)
211 (5)
2.38 (5)

2.39(2)

m .
a'h z_,! 1),

\eod

R, fm Snp, fm
2.71 (10) 0.83 (10)
2.599 (10) 0.48 (11)
4.10 (26) 1.72 (26)
2.86 (9) 0.47 (9)

" R, from laser spectroscopy, unfolded from proton charge radius



The IKAR-Collaboration

F. Aksouh, G.D. Alkhazov, M.N. Andronenko, L. Chulkov, A.V. Dobrovolsky,
P. Egelhof, H. Geissel, M. Gorska, S. llieva, A. Inglessi, A.V. Khanzadeev,
O. Kiselev, G.A. Koroley, C. L. Le, Y. Litvinov, G. MlUnzenberg, M. Mutterer,
S.R. Neumaier, C. Nociforo, C. Scheidenberger, L. Sergeev, D.M. Seliverstov,
H. Simon, S. Tang, N.A. Timofeev, A.A. Vorobyov, V. Volkov, H. Weick,
V.l. Yatsoura, A. Zhdanov

Gesellschaft fur Schwerionenforschung, Darmstadt, Germany
Petersburg Nuclear Physics Institute, Gatchina, Russia
Kurchatov Institute, Moscow, Russia
Institut fur Kernchemie, Universitat Mainz, Germany
Institut fir Kernphysik, TU Darmstadt, Darmstadt, Germany
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IV. The Structure of Halo Nuclei from Elastic Scattering at *P
Higher Momentum Transfer g

A
ALADIN
beam counters veto magnet
liquid hydrogen target <
d = 600 mg/cm?
P1 P3 P4
8182 | | \ n ]
8He beaml 8He
from FRSI |

<« Multiwire proportional
chambers

recoil proton
0, =63 —82°
E, =20-150 MeV

Scintillator wall for
'M'M"'N'M'H'" L5 recoil proton detection

e | H, target used for first time in a scattering experiment with RIB's
= allows for low background measurements with high luminosity



do/dt, mb/(GeVic)’
>

-
o
=
1l

10°

Experimental Cross Sections for
p®8He Elastic Scattering

p(°He,bHe) E =717 MeV/u

-
o
w
ul

b
Iy
"= 0,04 0,06
[}
i
] '
1 p(*He,*He) at 717 MeViu iy

--------------------

L B e i Eﬁﬁmﬁﬂﬂmmw%

0,05 0,10 0,15 0,20
1, (GeVic)’

IKAR experiment

S174 experiment

-
o

do/dt, mb/(GeVic)’

10

10"

-
o
)
|

-—
c,;
sunl L

p(®He,tHe) E =671 MeV/u

= Neumaier et al. NPA 712(2002)247
= Present data

||||||||||||||||||||||

-t, (GeVic)

G. D. Alkhazov et al., Nucl. Phys. A712 (2002) 269

O. Kiselev et al., Nucl. Instr. Meth. A641 (2011) 72
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Experimental Cross Sections for pHe Elastic Scattering r_'ﬁu?% '

o

T T T T T
1000 p 6He 3 1000 ¢
100 — I
S E =717 MeV/u 1 T 100
> : >
g o 3 8
= 1 . - —
s e T : s
+ IKAR experiment J ] i L
0.1 *  S174 experiment E F IKAR experiment
] r *  S174 experiment
| L | L |

0_01 1 1 1 1 1 1 1 1 01 1
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15

-t, (GeV/c)® -1, (GeV/c)?

Glauber calculation provides a good description in the whole t-range

0.20 0.25



Comparison of Results from
IKAR and S174 Experiments

combined data (IKAR experiment and S174):
recent analysis including spin-orbit interaction
(X. L. Le et al., Phys. Rev. C92 (2015) 034608)

0.20F

= resulting matter distributions
and matter radii fully

consistent with results of
previous IKAR experiment

0.05F

p(r) (fm™)

only data at low momentum transfer (IKAR experiment):

6He: R_=2.45(10) fm  8He: R_=2.53(8) fm




Future facility N

SIS 100/300

<4 Rare-Isotope
Production Target

Antiproton
Production Target

r ' FLAIR

\

__,___/
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Future facility N

SIS 100/300

e
e Rare-Isotope

Production Target

Antiproton
Production Target

*Cooled beams
*Rapidly cycling superconducting magnets

FAIR: Facility Characteristics

<5

* 10'2/s; 1.5-2 GeV/u; 238U28+

» Factor 100-1000 over present in intensity
« 2(4)x10'3/s 30 GeV protons

« 1010/s 23873+ yp to 35 GeV/u

 up to 90 GeV protons

*Antiprotons 3 - 30 GeV

Radioactive beams
¢ — A collider

«10"" stored and cooled 0.8 - 14.5
GeV antiprotons
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Nuclear Physics with Radioactive Beams at FAIR: NUSTAR:
NUclear STructure, Astrophysics and Reactions |

I High intensity primary beams

Pre-Separator

/ Production Target
SIS-100

IT Superconducting
large acceptance
Fragmentseparator

L_'_'...--"

from SIS 100 (e.g. 102 238U / sec at 1 GeV/u)

III Three experimental areas

Optimized for
efficient transport
of fission products

Main-Separator

Super-FRS

50 m

gll Low-Energy
Cave

High-Energy
o | Cave

Storage Rings

(I I B I T
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The EXL Project: EXotic Nuclei Studied in Light-lon
Induced Reactions at the NESR Storage Ring

Lo
\

Heavy-lon
Spectrometer RIB‘s from the
P Electron Super-FRS
cooler
Neutrons /
Charged Ejectiles
& m@" % Recoil

/A /- Detector

Gasjet | Beamin
Storage Ring
]

1

2 Design goals:

® Universality: applicable to a wide class of reactions
® High energy resolution and high angular resolution

Detection systems for:
® Target recoils and gammas (p,a,n,y)

® Forward ejectiles (p,n)

: _ ® Large solid angle acceptance
® Beam-like heavy ions

® Specially dedicated for low g measurements
with high luminosity (> 102°cm=2 s')




Advantage of Storage Rings for
Direct Reactions in Inverse Kinematics \(,

® low threshold and high resolution due to: beam cooling, thin target (10'4-10'5 cm)
® gain of luminosity due to: continuous beam accumulation and recirculation
® |ow background due to: pure, windowless ?H,, 34He, etc. targets

® experiments with isomeric beams

Experiments at very low momentum transfer can only be performed at EXL
(except with active targets, but with substantial lower luminosity)




reaction: p ('32Sn, p ), E = 700 MeV/u

assumed intensity: 5 X 103 sec™!

assumed target:  active target of 1m at 1 bar

T T T i T " !
—~ 10°} 120 c
7 Sn:R_=4.82fm 28
m -

N'Q — 287 R =4.95fm R
'R =4 X
) -
O Lo 3

- 107 ¢ | 4n2
- F 107 oo
o ]
E i Q-
::: i "g
c
'“-% 10' 710 3
© O

L : ' - ! : L . ' 10°

0.00 0.05 0.10 0.15 0.20

-t (GeV’/c?)
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“1 V. Proposal E105: Feasibility Studies

i and First Experiments with RIB’s at the ESR Storage Ring
5 H | [— ) e
spemallv designed scattering reactions with 38Ni:

chamber for the ESR:

proof of principles and feasibility studies:

® UHV capability of detector setup

® background conditions in ESR environment
at the internal target

® low energy threshold

® beam and target performance

reactions with 3°Ni:

%Ni: doubly magic nucleus!!

® (p,p) reactions: nuclear matter distribution

® (a,a’) reactions: giant resonances (GMR)
EOS parameters (nucl. compressibility)

® (SHe,t) reactions: Gamow-Teller

A -|A ‘ matrix elements, important for astrophys.
' Jf|\='=§_- -
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simulated data —— | a
10* 3 Erms;jg gg ___ ] !é 10"
B ; R =43 fm 0 & T
§103 3 C—E 0% g "20 30 40 B0 60 70
% . 103 qf-c B:I:.rgrse [dEQ]
g (P;p) on *°Ni - 10° =
10 - E - 400 MeV/ u 4',.:;5—:..'-7--""‘"':;'". i S _ 102§ ....... (a,q‘) on 56Ni
10! ! . " . " . ! R E 1oL
88 86 84 82 80 78 g £ ey N\
0, [deg] "_g 1: ----------
E
T T e A
6™ [deg]
4 days with L = 102> cm sec™ 14 days with L = 10%°> cm= sec™
recoil energies: 1 — 45 MeV recoil energies: 200 — 700 keV

needed: large solid angle detectors with low threshold and large dynamic range
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Circumference 108 m

Maximum Bending Power 10 T.m

Magnets

Magnet Power

RF Acceleration

Vacuum

Beam Diagnosis

6 Dipoles, 1.6 Tesla
4 Triplettlenses
4 Duplettlenses

8 Sextupolelenses
Dipole 3.7 kA at 1.6 kV

Field Ramp max. 1 T/s
2 Cavities at 5 kV
Frequency Span 0.8 — 5 MHz

Operational 10" Torr

Bakable to 300° C

12 Position Monitors

1 DC Transformer
1 fast Transformer
1 Profile Harp

1 Faraday Cup

1 Beam Scraper

SY4 WoJj suol



1st DSSD
& Si(Li)s

. DSSD: 128x64 strips,
(6x6) cm?, 285 um thick

. Si(Li): 8 pads, (8x4) cm?,
6.5 mm thick

. active vacuum barrier

. moveable aperture to
improve angular resolution
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Experimental Concept for the E105 Experiment f-f.

» Ultra-high vacuum side




Scattering Chamber mounted
at the Internal Target of the ESR

challenge:
UHV capable and bakeable
DSSD and Si(Li) detectors
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400MeV/u
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First Nuclear Reaction
Experiment with Stored
Radioactive Beam!!!!
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3000

M. von Schmid et al.,
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2000
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JPS Conf. Proc. 6 (2015) 0200
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First Results with Radloactlve Beam

LT B | AR

*Ni(p,p’), E = 400 MeV/u Identlflcatlon of Inelastic Scattering
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56N|(p p), E = 400 MeV/u Angular Distribution
Cross Section fitted using the Glauber Theory

do/dt [mb/(GeV/c)?]
2 2 =

fr—
]

—
TTTT T T

C L | L | L | L | L | L |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

1 [(GeV/ey]

M. v. Schmid, PHD thesis 2015
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First Results with Radidactive Beam

= :

Nuclear Matter Distribution of %6Ni

RMS matter radius: (r2)'/? = (3.76 4 0.08) fm
: ' —] S

total matter, SF ————
10 uncertainty, SF FEE
10 uncertainty, SOG ]

1-10°

Pm(r) [fm¥]

1-10%

I [fm]

M. v. Schmid, PHD thesis 2015
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Statistical and Systematical Uncertainties on the Matter Radius R, |

1004

example: 8He (from: G. D. Alkhazov et al., Nucl. Phys. A712 (2002) 269)

Nucleus Total Error contributions to Ry, from different sources, fin
Ry eITors Stat. Model OpN EpN BpN f-scale
(fm) (fm) eIrors uncertainties®
§He 2.45 0.07 0.04 0.02 0.01 0.02 0.03 0.02

4 Deviations from the average values of the matter radii Ry, deduced with the four model densities individually.

systematical uncertainties on R,;: AR, ~ 0.04 fm
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VI. Which Accuracy on the Neutron Skin can be finally reached?

LR
systematical uncertainties on R,;: AR, ~ 0.04 fm
systematical uncertainties on R,;: ARy ~0.02fm = A06,,~0.05m

(from Laser Spectroscopy, SCRIT, ELISE...)

additional contributions:

e statistical uncertainty

e approximations (Eikonal, Adiabatic, ...)
e nucleon correlations

important ingredients:

e calibration to neutron skin measurements with other methods (stable isotopes)
e resolve inelastic from elastic scattering (storage ring experiments)

e discriminate isomeric contributions in exotic beams (storage ring experiments)

e good statistics (FAIR intensities)



Summary and Conclusions

® clastic proton scattering at intermediate energies is a powerful tool to study
nuclear matter distributions of exotic nuclei
= the active target IKAR was successfully applied for low g measurements
— data on 68He- 689,11 j 1214Be, 8B and '"C were obtained (in a direct way)

® the absolute differential cross sections allow to deduce:
= precise "model independent" nuclear matter radi
= the radial shape of nuclear matter distributions

® a combination with data from elastic electron scattering
allows to determine the radial shape neutron skins

® in future powerfull experimental methods
(EXL, ACTAR, ELISe at FAIR, SCRIT at RIKEN)
will allow to reach high accuracy (A (R, — R;) = 0.05 fm) data on neutron skins



