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classical method of nuclear spectroscopy: beam of exotic

nuclei AX
ﬁ H\\ H (AX, 1H) AX

= light ion induced direct reactions: (p,p), (p,p'), (d,p), ...
= to investigate exotic nuclei: inverse kinematics

AY
AY
\
AY
,
proton-

detector

past and present experiments:

= light neutron-rich nuclei: skin, halo structures
= only at external targets 11]~ :

future perspectives at FAIR:

= profit from intensity upgrade (up to 10* 1V

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

— use new and powerful methods:

EXL: direct reactions at internal storage ring target
= high luminosity even for very low
momentum transfer measurements

Gas |

First Experiments at the ESR




regions of interest:

— towards the driplines for

physics interest:

medium heavy and heavy
nuclei

known exotic nuclei

“ unknown exotic
pathways of stellar
nucleosynthesis

matter distributions (halo, skin...)

single-particle structure evolution (new magic numbers,
new shell gaps, spetroscopic factors)

NN correlations, pairing and clusterization phenomena

new collective modes (different deformations for p and n,
giant resonance strength)

parameters of the nuclear equation of state
in-medium interactions in asymetric and low-density matter

astrophysical r and rp processes, understanding of supernovae



Light-lon Induced Direct Reactions

® clastic scattering (p,p), (a,o), ...
nuclear matter distribution p(r), skins, halo structures

® inelastic scattering (p,p’), (o,a0’), ...
deformation parameters, B(E2) values, transition densities, giant resonances

® charge exchange reactions (p,n), (°He,t), (d, 2He), ...
Gamow-Teller strength

® transfer reactions (p,d), (p,t), (p, °He), (d,p), ...
single particle structure, spectroscopic factors
spectroscopy beyond the driplines
neutron pair correlations
neutron (proton) capture cross sections

® knock-out reactions (p,2p), (p,pn), (p,p *He)...
ground state configurations, nucleon momentum distributions, cluster correlations
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Reactions with Relativistic Radioactive Beams at FAIR |

L 2

e R3B: Reactions with Relativistic Radioactive Beams
= High Energy Branch

e EXL: EXotic Nuclei Studied in Light-lon Induced
Reactions at the NESR Storage Ring
= Ring Branch
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Experiments with Stored Exotic Nuclei

ul
Collector Ring ( o oriie eon) Electron cooling
Bunch rotation SUPER-FRS Continuous accumulation
Fast stochastic cooling | Internal gas jet targets
‘ ELISe phar
]

R
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\_ gas
target

100 m

RESR
Deceleration (1T/s) to 100 - 400 MeV/nucleon




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

_ _ ® | arge solid angle acceptance
® Beam-like heavy ions

® Specially dedicated for low g measurements
with high luminosity (> 102°cm2 s')




Light-lon Induced Direct Reactions
at Low Momentum Transfer

® clastic scattering (p,p), (o,a), ...
nuclear matter distribution p (r), skins, halo structures

® inelastic scattering (p,p’), (o, '), ...
deformation parameters, B(E2) values, transition densities, giant resonances

® transfer reactions (p,d), (p,1), (p, 3He), (d,p), ...
single particle structure, spectroscopic factors, spectroscopy beyond the driplines,
neutron pair correlations, neutron (proton) capture cross sections

® charge exchange reactions (p,n), (3He.,t), (d, ?He), ...
Gamow-Teller strength

® knock-out reactions (p,2p), (p,pn), (p,p *He)...
ground state configurations, nucleon momentum distributions

for almost all cases: Speciality of EXL:

region of low momentum transfer measurements at very low momentum transfer
contains most important information

— complementary to R3B !!!
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Experiments to be Performed at Very Low Momentum Transfer — |
Some Selected Examples

L g

® Investigation of Nuclear Matter Distributions:

= halo, skin structure
= probe in-medium interactions at extreme isospin (almost pure neutron matter)

= in combination with electron scattering ( ELISe project @ FAIR ):
separate neutron/proton content of nuclear matter (deduce neutron skins )

method: elastic proton scattering = at low g: high sensitivity to nuclear periphery




| S
Investigation of Nuclear Matter Density Distributions of Halo
Nuclei by Elastic Proton Scattering at Low Momentum Transfer

small angle proton scattering: deduced nuclear matter distributions:
! ' | ' ! ' ! ' 1005 T T T T T T T T
10° :
R x 100 - ]
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0_(-)0 l 0.01 | 0.02 | 0.03 . 0.04 | 0.0F P. Egelhof et al., Eur. Phys. J. A 15 (2002) 27

t (GeV?/c?) A. Dobrovolsky et al., Nucl. Phys. A766 (2006) 1
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Experiments to be Performed at Very Low Momentum Transfer — |
Some Selected Examples

A

® Investigation of Nuclear Matter Distributions:

= halo, skin structure
= probe in-medium interactions at extreme isospin (almost pure neutron matter)

= in combination with electron scattering ( ELISe project @ FAIR ):
separate neutron/proton content of nuclear matter (deduce neutron skins )
method: elastic proton scattering = at low g: high sensitivity to nuclear periphery

® |Investigation of the Giant Monopole Resonance:
— gives access to nuclear compressibility = key parameters of the EOS
= new collective modes (breathing mode of neutron skin)

method: inelastic o scattering at low g
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The Collective Response of the Nucleus: Giant Resonances £

e

p (1/m*) 0 (1/m%)

8.16 8.16
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0.86 ‘ 0.06
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8,82 . a.82
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Investigation of the Giant Monopole Resonance

in Doubly Magic Nuclei by Inelastic a-Scattering
|

® GMR gives access to nuclear compressibility K, (Z,N) ~ py2 d?(E/A) /dp? | ;4
= key parameter of EOS

® investigation of isotopic chains arround 32Sn, 56N, ... with high 6 = (N-Z)/A
= disentangle different contributions to
Ka = Ko + Kyt A+ Ky ((N-Z)/A)? + ...

surf sym
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Experiments to be Performed at Very Low Momentum Transfer — |
Some Selected Examples

A

® Investigation of Nuclear Matter Distributions:

= halo, skin structure
= probe in-medium interactions at extreme isospin (almost pure neutron matter)

= in combination with electron scattering ( ELISe project @ FAIR ):
separate neutron/proton content of nuclear matter (deduce neutron skins )
method: elastic proton scattering = at low g: high sensitivity to nuclear periphery

® |Investigation of the Giant Monopole Resonance:
— gives access to nuclear compressibility = key parameters of the EOS
= new collective modes (breathing mode of neutron skin)

method: inelastic o scattering at low g

® |nvestigation of Gamow-Teller Transitions:
= weak interaction rates for N = Z waiting point nuclei in the rp-process
= electron capture rates in the presupernova evolution (core collaps)
method: (3He,t), (d,?He) charge exchange reactions at low g
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4 Kinematical Conditions for Light-lon Induced J
Direct Reactions in Inverse Kinematics !
LY -t - | |

T N0 | e Eememe-onw ] ° Fequired beam energies:
g eomevmemmey | E =200 ... 740 MeV/u

100 o =20° \ —— "Pb(a, ') E=400 MeV/u, E* =15 MeV _|

M7 =mncrie,y Eanomevie Ecomev 3 (€XCePL for transfer reactions)
\ —ZBe(‘*He, t) E=400 MeV/u, E* = 0 MeV .
= T s eS| required targets: "-*H, ®“He
~ Ogy = 10° 1 < mostimportant information in
8 ~ 7] region of low momentum transfer

= low recoil energies of
recoil particles

= need thin targets for sufficient
angular and energy resolution




Advantage of Storage Rings for
Direct Reactions in Inverse Kinematics

oy aNy
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® |ow threshold and high resolution due to: beam cooling, thin target (10'4-10'° cm-)

® gain of luminosity due to: continuous beam accumulation and recirculation

® |ow background due to: pure, windowless '2H,, 34He, etc. targets

® experiments with isomeric beams

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

Only the world-wide unique combination of the Super-FRS and a
Storage Ring provides high resolution experiments with high luminosity
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- gasjet target

B thin window foil

B scintillator hodoscope
for y-rays and fast recoils

silicon detectors:
B region A
[ region B
Il regonC
region D

| region E

77
F i

" alka

Si DSSD = AE, X,y
300 um thick, spatial resolution
better than 500 um in x and y,
AE =30 keV (FWHM)

Thin Si DSSD = tracking
<100 pum thick, spatial resolution
better than 100 uym in x and vy,
AE =30 keV (FWHM)

Si(Li) = E
9 mm thick, large area

100 x 100 mm?,

AE =50 keV (FWHM)

Csl crystals = E,vy
High efficiency, high resolution, 20
cm thick




-

lll. First Experiments with Radioactive Beams at the ESR |
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Proposal E105:
Start up of part of the EXL physics program with °°Ni

Spokespersons: N. Kalantar (KVI), P. Egelhof (GSI)
GSI contact: H. Weick (GSI)

for the EXL collaboration
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Proposal E105: Feasibility Studies
ﬂ and First Experiments with RIB's at the ESR

S o
specially designed scattering

N\ pr/d4 e

Ll \

reactions with 38Ni:

chamber for the ESR:

F AW -|
4 ﬂ‘EE‘?- - - ‘.

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)
® (3He,t) reactions: Gamow-Teller
matrix elements, important for astrophys.
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First Experiments with Radioactive Beams at the ESR |
Proposal E105:

Start up of part of the EXL physics program with °°Ni

Spokespersons: N. Kalantar (KVI), P. Egelhof (GSI)
GSI contact: H. Weick (GSI)

for the EXL collaboration

PAC Recommendation:

out of a total of 147 shifts:

21 Shifts for Feasibility Studies with °8Ni

21 Shifts for First Experiments with °6Ni

Combination with Exp. E087 (P.J. Woods / Y. Litvinov)

20Ne(p,d)'°Ne* reaction in inverse kinematics (21 Shifts)




Theorectical Predictions

.'_;;_ 1 .
— ! 3 Ocu=1 GCMT
. . :-lg B 6cu=0-1 ISGMR l
simulated data ——— a | ' e Y
10* £ g”‘“fji gm _ :g 10" f ot ' Vo
S o 3 F et oAy
— Rims =431 4 10* :f - v_]{l ISGDR ec.ii'
:E 10° 3 ﬁ: 0% 42030 @0 50 60 70
g | S o B 08, [de]
t {(p:p)oneNi X e
"I E=400 MeV/u \; e - (a,a) on 56N
[ 102 'E' 10? =
e} =
101 ! ! . ! — E- 10__ :
88 86 84 82 80 78 _%} § """""""""""
B)p [deg] :g 1;_
L R S N
6 [deg]
4 days with L = 102° cm sec™ 14 days with L = 102> cm=2 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 6 Dipoles, 1.6 Tesla
4 Triplettlenses
4 Duplettlenses

8 Sextupolelenses
Magnet Power Dipole 3.7 kA at 1.6 kV

Field Ramp max. 1 T/s

RF Acceleration 2 Cavities at 5 kV

Frequency Span 0.8 — 5 MHz

Vacuum Operational 10™ Torr

Bakable to 300° C

Beam Diagnosis 12 Position Monitors
1 DC Transformer
1 fast Transformer
1 Profile Harp
1 Faraday Cup

1 Beam Scraper

SH4 wouy suol



Aim:

Detectors:

Tests:

‘" B

) L2 R
R&D on the EXL Recoil Detector '__;ja;';;ﬁ:

("

determine spectroscopic properties: AE, A(dE), efficiency, PSD
resolution of total energy reconstruction, energy threshold
UHV capability

DSSD's from PTI St. Petersburg (V. Eremin)
Si(Li)'s from KFZ Jilich, now SEMICON (D. Protic, T. Krings)

2008/2009: GSI: a sources

2008: Edinburgh: a sources

April 2009: KVI Groningen:  protons of 50 MeV

July 2009: TU Minchen: a particles E < 30 MeV

September 2009: GSI: protons of 100 and 150 MeV

April 2010: KVI Groningen:  protons of 135 MeV

January 2011: TU Tdbingen: protons of 1.5 MeV down to 70 keV
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Double Sided Silicon Strip Detectors (DSSD's) for EXL )_'._f'_i
EJ"I ETLrY TES

Design and Production of Sensors: PTI St. Petersburg (V. Eremin et al.)
Maxwell
Geometry: active area: 64 x 64 mm?
thickness: 300 pm
strips: 128 x 64
pitch: 500 pm
Optimized for: thin entrance window: < 50 nm
high efficiency: 10 um interstrip gap

energy resolution: AE =15 - 25 keV

e—300 pm— A

n-type Si

front side

rear side

] ]




Si(Li) Detectors for EXL | 1| &

Design and Production: KFZ Jilich (now SEMIKON)
( D. Protic, T. Krings)

Geometry: active area: 50 x 80 mm? (separated in 8 pads)
thickness: 6.5 mm

Energy Resolution: AE = 25 keV for a-source

Schematic view of the Si(Li) transmission detector

§ position elements (pads) are separated by
Al-bonded wires ~60 um wide and ~15 um deep plasma etched
(SF;-plasma) grooves

ceramic board
2102 mm et / (to contact the 8 pads)
292 mm

~B.5 mm

~200 p:m wide connecting strips

3 to 5 mm wide guard-ring
boron-implanted p*-contact covered
with evaporated aluminum layer

(thickness: < 1:m)
thinned Li-diffused n-contact covered with

o v evaporated aluminum layer p*-co
(effective thickness [3]: < 5 um) [structured with 8 pads)

Li-compensated region
(intrinsic zone)
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Response to very Low Energy Protons !

-

=

proton beams from the
Tubingen van de Graaf Accelerator

1503 keV protons scattered 818 keV H, scattered from C

from C target (37ug/cm?) target, ~3.5 um Mylar

= 1442 keV protons degrader in front of DSSD
= 74.7 keV protons

2500

1442 keV proton 74.7 keV proton

2000— 2000 [

1500

s "L 17.7keV FWHM

1500

25.0 keV FWHM

counts

1000|— 1000)—

500

. L ‘ B ! | L ] ] ] ]

L ol v L ) e
260 1250 1300 1350 1400 1450 1500 1550 1600 0 20 20 50 0 700 20 0 50 T80
Energy [kev]

Energy (keV)

K. Yue et al.,
Proceedings of STORI11
http.//pos.sissa.it
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Response to High Energy Protons

\I. m
gl - y J ¥y
o OA LA S |
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50 MeV proton beam from the
KVI cyclotron

the EXL Demonstrator

35000 , ; . , ' . . ,

30000

E = 45.246 MeV
FWHM = 0.396 MeV -

25000

4
3
:
|
-
g

20000

counts

15000

10000 (- —

total energy reconstruction

5000 -

" IS | [

35 40 45 50 55 60
energy, MeV
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UHV Capability of the EXL Silicon Ball: )0
Concept: using DSSD s as high vacuum barrier ;f}k
L

. Diffe-rential pumping proposed to separate (N)ESR vacuum
from EXL instrumentation (cabling, FEE, other detectors) M. Mutterer

1x10 mbar

~1x10 " "'mbar i

C\ N\

CABLING

Space for other DSSDs, Si(Li), FEE

1

and cabling

DSSDs

Inner shell of DSSDs on support frame
forms (bakeable) vacuum barrier




Ceramic Boards:

P-side: in UHV

w

o

Pressure UHV [mbar]

i e low vacuum side:
- = \} .‘-.

spring pin
connectors

differential
vacuum test

[ e S ________________________ | B. Streicher et al.,
S NI AG54 (2011)604
6 .........................................................................................

5 """"""""""""""""""""""""""""""""" ft, ¥ hnindlsobtonlons Slecumitotos waebol e et i S |

-

5 7 2 3 5 7 2 3 5 70~ 2 3 5 7
106 105 g‘ 10-2
S

Pressure auxiliary vacuum [mbar]
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b Experimental Concept for the E105 Experiment
[t e, P T Lok N e

Particles go
= through both
detector corners.

.r______________
T :

----
BN

Top view
DSSD - Sil.1 —SiLi telescope
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1st DSSD
& Si(Li)s

. DSSD: 128x64 strips, (6x6
cmz2, 285 um thick

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

. active vacuum barrier

. moveable aperture to
improve angular resolution



Scattering Chamber mounted
at the Internal Target of the ESR

challenge:
UHYV capable and bakeable
DSSD and Si(Li) detectors



rri

UHV capable Tagging Detector for
Beam-Like Reaction Products

Forward
Detector e
p-i-n diode p

dEeeie & heam-like

+ Forward detector before the first dipole,
detection of beam like reaction products in
coincidence with recoils.

+ 6 PIN diodes (1 x 1 cm?) on AIN PCB, 1» DR;:;'LF
directly in the UHV Sistri

« Small dead edge, could be very close to the » :-1;:12:
beam gas-jel target

» Baked at 250° C, passed vacuum Test. H, 40Ar

Beam
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FRS:

Preparation of the Stored Radioactive %6Ni Beam ) »

injection to ESR:

fragmentation of 600 MeV/u °8Ni beam

7 x 10456 Ni per injection

stochastic cooling, bunching and stacking (60 injections):

4.8 x 108 56N in the ring

+ recorded DC current transformer data
—linear fit to the data et
Loteeet
R
et
.ov"’,-;
0 2%
. ""'.‘.-""Q"'-”'
et
LIS
”_,__-_.,-'-’“ ™~ injections not recorded
0 500 1000 t[s] 1500 2000 2500
luminosity: H, target: 2 x 103 cm™2

— L =2 x 102 cm= sec!
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?I!
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F. Nolden, M. Steck
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rf deposition

injected beam

vacuum chamber

(reduced by aperture)

electron cooled
intense stack

.
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target profile
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First Results with Stable Beam (preliminary!)

(main exp: E87, P. Woods et al., Univ. of Edinburgh)

2Ne @ 50 MeV/u on H, gas jet
| *’Ne(p,p)*°Ne

=
=
o
o

E C -.E

5 6000 e i i _,—_ -

N oo -+{ Protons not
o S s - stopped in
4000F. - 5T '. f::’i_ DSSSD

3000 LT

.| 2°Ne(p,p’)*°’Ne* (1.6 MeV)

W T T Tl T T T T T [T T [ FT T

¥y

[ ] S 1w L
0 20 40 60 80 100 120
DSSSD strip #

®Lab= 880 . 730




First Results with Stable Beam (preliminary!)
U

6000

reaction: °8Ni on H, target DSSD#1

_B6Ni(p,p)56Ni -
[ 400MeV/u
-w/o slit N

5000

energy: 400 MeV/u

target: 2 X 1013 /cm?3 5%
B
detector: DSSD 280

O = 72°- 88°

2000

1000




4000

6000

Effect of Aperture in Front of Target

58Ni(p,p), E = 400 MeV/u

5000

DSSD#1,
56Ni(p,p)36Ni

400MeV/u - - Iz

~-with aperture

energy in keV
3000

5000

2000

1000

6000

4000

DSSD#1
_56Ni(p,p)56Ni -
I 400MeV/u
-w/oslit B -

| Withqut aperture -




First Results with Radioactive Beam

25.10. 2012:

First Nuclear Reaction
Experiment with Stored
Radioactive Beam!!!!

energy in keV
3000

6000

2000

1000

5000

4000

(GBI L e L L i I e

56Ni(p,p)S6Ni
400MeV/u
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First Results with Radidactive Beam

= .

**Ni(p,p), E = 400 MeV/u Response of Individual Detectors

— D
o O O

— DN W
o O O

energy in MeV

88 86
M. v. Schmid lab angle in degree

— DN WS 1O
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First Results with Radio
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*Ni(p,p), E = 400 MeV/u Reconstructed Energy
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First Results with Radioactive Beam

*Ni(p,p), E = 400 MeV/u Benefit of the 1Tmm Aperture
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g~ First Results with Radioactive Beam
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Comparison with External Target Experiment ¢

e

VOLUME 73, NUMBER 13 PHYSICAL REVIEW LETTERS 26 SEPTEMBER 1994

Proton Inelastic Scattering on 3°Ni in Inverse Kinematics

G. Kraus, P. Egelhof, C. Fischer, H. Geissel, A. Himmler, F. Nickel, G. Miinzenberg, W. Schwab, and A. Weiss
Gesellschaft fiir Schwerionenforschung, D-64220 Darmstadt, Germany

J. Friese, A. Gillitzer, H.J. Korner, and M. Peter
Technische Universitit Miinchen, D-85748 Garching, Germany

W.F. Henning and J. P. Schiffer
Argonne National Laboratory, Argonne, lllinois 60439

same *6Ni intensity
as for ESR experiment

J.V. Kratz T T T T T 0E T 7T 7 3
University of Mainz, D-55099 Mainz, Germany )| p(ﬁNl p;)sﬁNi* _ 3 N p (EﬁNi p:) EﬁNi* 7
v + [
L. Chulkov, M. Golovkov, and A. Ogloblin 25l DATA a 10 E o= 101 MeViu 5
1. V. Kurchatov Institute, Moscow, Russia 2+ 2 .
20 — 10 =
B. A. Brown ~ 7
Michigan State University, East Lansing, Michigan 4882 15~ . 10 :_ _:
(Received 19 May 1994) > 10k _ - =
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Investlgatlon of the Giant Monopole Resonance in °8Ni

stored scattered
reaction: 58Ni on He target beam Tbeam

energy: 100 MeV/u
target: 8 X 10'2/cm3

detectors: DSSD
®Lab == 270 = 380

PIN diodes
®Lab= 0.20' 1 ©




Theorectical Predictions
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needed: large solid angle detectors with low threshold and large dynamic range




Investigation of the Giant Monopole Resonance in °8Ni
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challenge: detect and identify very low energy recoils

Y



k. > [
a'l " i >

Investigation of the Giant Monopole Resonance in °8Ni
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Investigation of the Giant Monopole Resonance in %8Ni
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Investigation of the Giant Monopole Resonance in °8Ni ﬁ#
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location: E =284 (30) keV
expected: E = 300 (50) keV (corresponding to Eres (cm) = 19.9 (0.7) MeV)
(from B.K. Nayak et al., PL B637 (2006) 43)
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simulation for ISGDR assuming predicted cross section ratio
for ISGMR and ISGDR



vl BN
PR 2 E -,.1
First Results of the EO87 Experiment (P. Woods, Y. Litvinov et al.)
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Study of the 2°Ne(p,d)°?Ne* Transfer Reaction at the ESR
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i‘V. Future Perspecties

| [

short term perspectives:

® (a,a’) on °Ni = investigate ISGMR and ISGDR

needs upgrade of detector setup
and readout (ASICS)



Future Perspectives

short term perspectives:

® (a,a’) on *®Ni = investigate ISGMR and ISGDR

needs upgrade of detector setup
and readout (ASICS)

® (3He,t) on %6Ni = investigate Gamow — Teller strength
needs upgrade of internal target

® (p,p), (p,p) on heavier Ni and Sn isotopes



Future Perspectives
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long term perspectives (EXL @ FAIR):

® still first priority:
EXL at the NESR (full performance of EXL)

from
SUPER-FRS




long term perspectives (EXL @ FAIR):

® for first phase of FAIR:
transfer line from SUPER-FRS / CR to the ESR

SIS100/300

/ Rare Isotope
Production Target

Super-FRS

Antiproton
Production Target

Plasma Physics

/ o MGG
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long term perspectives (EXL @ FAIR):

® other option:
place EXL in the HESR

dipole g] Stochastic
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Electron cooler
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B RF cavity / stochastic cooling
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V. Conclusions

For the First Time (World Wide) a Nuclear Reaction Experiment with
Stored Radioactive Beams was successfully performed.

A “Proof of Principle” of the Experimental Concept with UHV capable
Detectors and Infrastructure around the Internal Target was successful.

A number of Important Physics Questions can be only addressed with
the EXL Technique which is up to date World Wide unique.

EXL@ESR and EXL@FAIR has a large Potential for Nuclear Structure
and Nuclear Astrophysics.
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