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« EXL ... in a nutshell
Nuclear reactions in storage rings
Ml © Excitation of ISGMR in >°Ni
| .. proof of principle experiment
. Outlook to opportunities at FAIR
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EXL - nuclear reactions in storage rings

EXotic nuclei studied in Light-ion induced reactions at storage rings
.. within NUSTAR@ F4|R

direct reactions of exotic beams in inverse kinematics

internal target in storage ring ... set-up has to meet UHV conditions

kinematically complete measurements

large dynamic range and angular coverage

(mainly) reactions at low momentum transfer
.. complementary to R3B

Physics menu
« elastic and inelastic scattering
e.g. to study giant resonances
 transfer, e.g (p,d), capture, e.g. (p,y), and
charge exchange reactions, e.g. (p,n), (*He,t) 4
 knockout and quasi-free scattering .
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IS giant monopole resonance

Incompressibility K of nuclear matter (EoS)

« K, for infinite nuclear matter (bulk modulus K
is more than 1022 times the value of steel!!!)

« K.~ K, for finite nuclei of mass A (and 2)
at density p around p, Courtesy of THOMAS FLECHEL

* Kis no observable

... relation to energy of ISMGR E? 5r < Kp/<r?>
ISGMR (“breathing mode”)

Animation
by P. Adrich

» isoscalar modes excited by inelastic scattering
on isoscalar probes
 AL=0 peaks at 0° in the CMS

M. N. Harakeh, A. van der Woude, Giant Resonances Fundamental High-Frequency Modes of
Nuclear Excitation, Oxford University Press, New York, 2001.
U. Garg, G. Colo, arXiv:1801.03672v2
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Lecture in inverse kinematics
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Recoil Ener

58Ni(o,c.’) @ 100 MeV/u
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Energies of recoiling alphas are only several 100 keV  Region covered

by DSSD2 of
NO thick targets EXL demonstrator
NO gas targets with windows J.C. Zamora
NO detectors with windows Doctoral Thesis

TU Darmstadt
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Storage ring ESR at GSI

+

H,

Figure from
Phys. Scr. T156 (2013) 014016

« circulating stored bearﬁ
* internal gas-jet target

Rate = cross section x luminosity
“Luminosity” = #beam particles x #target particles x revolution frequency
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Storage ring ESR at GSI
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Circumference: 108.4 m
Max. magnetic rigidity Bp: 10 Tm
op/p = 10-° (electron cooling)
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First EXL experimental campaign at ESR

Commissioning and | Fr g
first physics programme

.44
20Ne (50 MeV/u) Vo \w
=> elastic scattering, i =Sy s
(p,d) transfer reaction AT A
\ p « £
\'}'\I'\'\\ v o ,f.‘? . ,
8Ni (100 and 150 MeV/u) \\% \%‘

=» (in)elastic a-scattering
= IS giant monopole resonance
... proof of principle experiment

56Ni and °8Ni (390 MeV/u)
=» elastic proton scattering
= matter radius
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DSSSD as active window

Our solution:
DSSSD as active vacuum window!!

Not UHV compatible components

i
} ESR ~10mbar

Standard PCB material is not :ﬁ% >

bakeable ...

Picture: B. Streicher, M. Mutterer

[ ¥ | | .
| Our solution:

\
] ..T e AIN ceramic board
A, Ll < Removable spring pin connectors

L on backside (PEEK)

B. Streicher et al., NIM A 654, 604 (2011)
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DSSSD as active window

Does the DSSSD keep the UHV?
YES ©

Figure 4

Figure 6

B. Streicher et al., NIM A 654, 604 (2011)
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S8Ni experiment
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Beam energy: 100 MeV/u
Beam intensity: =108 ions
Beam lifetime: 1.5 h

Target density: 7-10'2 part/cm?
Revolution frequency: 1.2 MHz

Luminosity: 1025-1026 cm2 s-1

Figure 1

J.C. Zamora et al., Phys. Lett. B 763, 16 (2016)

Injection of primary 58Ni beam
at 150 MeV/u from SIS-18

\

Figure from
Phys. Scr. T156 (2013) 014016

ESR
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EXL demonstrator

2 detector modules DSSD 2

DSSD 1

mean 0, = 80.5°*‘“
2% DSSD
shield =

1 DSSD

moveable
aperture

el s

') Courtesy of
Michel Lindemulder (KVI)
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Experimental / simulated spectrum

Figure 2

J.C. Zamora et al., Phys. Lett. B 763, 16 (2016)
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Inverse kinematics
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58Ni(o,c’) @ 100 MeV/u
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 Reconstruction of CMS angle and excitation energy from
lab angle and recoil energy for each event
» Acceptance corrections from simulations

Jy 55 60

CMS scattering angle

J.C. Zamora
Doctoral Thesis
TU Darmstadt
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Differential cross section
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Figure 3

J.C. Zamora et al., Phys. Lett. B 763, 16 (2016)
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Multipole decomposition
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Figure 4

J.C. Zamora et al., Phys. Lett. B 763, 16 (2016)

Figure 6.12

J.C. Zamora
Doctoral Thesis
TU Darmstadt
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Figure 4
Reference Centroid [MeW] Widthpps [MeV] EWSE [¥]

this work 20.5(6) 4.6(6) 7911

9) 10,2070 %4 48072 85712

[22] znanté;’fﬂ 4.25%0 8 7418

[26] 19.975] - 9213

J.C. Zamora et al., Phys. Lett. B 763, 16 (2016)
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Elastic a-scattering on %8Ni
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Figure 2

Figure 3

Neutron skin thickness
Ar,, = 0.02(20) fm (100 MeV /u)
Ary, = —0.07(17) fm (150 MeV /u)

Lit: -0.05 - 0.01 fm
J. C. Zamora et al., Phys.

Rev. C 96, 034617 (2017)
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Strength [MeV~!]

Next step ... ISGMR/ISQMR in °6Ni UNIVERSITAT
I — ISGMR
= 0151 — 015}
s .
= o = o]
—gﬂ [ = T
@  0.05 % 0.05 |
0" ,
0.2 5 10 15 20 25 30 35 40
— ISGQR E [MeV]
0-15 3-10¢ stored 56Ni ions achieved
o ... factor 30 less compared to 58Ni
' ... improvements on the target side
0.05 | are on the way
g ... larger solid angle covered by detectors
0 I ‘ ; .
‘ 0o 0 SKYRME_RPA code, SkO’ interaction
Ex [MeV] G. Colo, et al., Comput. Phys. Commun. 184 (2013) 142.
Courtesy of J.C. Zamora P.-G. Reinhard, et al., Phys. Rev. C 60 (1999) 014316.
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Designs for larger array

EXL will grow slowly .... « Compact ASIC readout for

o - DSSSDs
/ A \k CsI(TI) scintillator

] ) cooling tubes
thick Si

detector

J.C. Zamora e Thin DSSSD as

Doctoral Thesis -
TU Darmstadt tracking detector
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... EXL at FAIR

EXL is a versatile
experimental set-up

... can profit from
different storage rings
at FAIR

10" - »
10° - @ it
= =
5 2
% 10° - "
E 1 o 8
o 10°- z
10° - >
(v
(&

Courtesy of Yu. Litvinov
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Summary

EXL - EXotic nuclei studied in Light-ion induced reactions at storage rings

* First experimental campaign ... with two detectors only!
« Several key reaction mechanisms for the EXL physics programme have

been successfully performed:

- %Ni(a,a’) - isoscalar giant monopole resonance in *Ni
- %Ni(p,p) - first nuclear reaction experiment with a stored

radioactive beam ever
= matter radius of °®Ni measured for the first time

- 2’Ne(p,d) - nucleon transfer reaction

Looking forward to further experiments at GSI/FAIR

.. ISGMR/ISGQR in °¢Ni at ESR
.. much more to come at storage rings CRYRING, ESR and HESR

at energies ranging from some MeV/u to 5 GeV/u

28 October - 02 November 2018 | COMEX6, Cape Town | Thorsten Kroll | 21




TECHNISCHE
UNIVERSITAT
DARMSTADT

... acknowledgements

S. Bagchi', S. Bonig?, M. Csatlés®, I. Dillmann®, C. Dimopoulou®, P. Egelhof*, V. Eremin®, T. Furuno®, H. Geissel*,

R. Gernhauser’, M. N. Harakeh', A.-L. Hartig?, S. llieva®, N. Kalantar-Nayestanaki', O. Kiselev?, H. Kollmus®,

C. Kozhuharov?*, A. Krasznahorkay®, T. Kréll?, M. Kuilman', S. Litvinov*, Yu. A. Litvinov*, M. Mahjour-Shafiei'?,

M. Mutterer*, D. Nagae®, M.A. Najafi', C. Nociforo*, F. Nolden*, U. Popp*, C. Rigollet’, S. Roy', C. Scheidenberger?,
M. von Schmid?, M. Steck®, B. Streicher®*, L. Stuhl®, M. Takechi*, M. Thiirauf?, T. Uesaka'®, H. Weick®,

J. S. Winfield*, D. Winters*, P. J. Woods'", T. Yamaguchi'?, K. Yue?*'®, J.C. Zamora?, J. Zenihiro'?, T. Aumann24

1 KVI-CART, Groningen

2 Technische Universitdt Darmstadt
3 ATOMKI, Debrecen

4 GSI, Darmstadt

5 loffe Physico-Technical Institute, St.Petersburg

6 Kyoto University
7 Technische Universitat Miinchen

8 University of Tehran
9 University of Tsukuba

10 RIKEN Nishina Center
1 The University of Edinburgh

12 sajtama University
13 Institute of Modern Physics, Lanzhou

This work was supported by German BMBF (06DA9040L,05F12RDENS and 05P15RDEN1), the European Commission
within the Seventh Framework Programme through IA-ENSAR (contract No. RI[3-CT-2010-262010), the Hungarian NKFI
Foundation Neo. K124810, the Sumitomo Foundation, the National Natural Science Foundation of China (contract No.

11575269), the HGF through the Helmholtz-CAS Joint Kesearch Group HCJRG-108, HIC for FAIR, GSI-RUG/KVI

collaboration agreement, TU Darmstadt-GSI cooperation contract and the STIBET Doctoral program of the DAAD.

% Bundesministerium
R fiir Bildung

und Forschung

FAIR

Helmholtz International Center

~ KVI

28 October - 02 November 2018 | COMEX6, Cape Town | Thorsten Kroll

| 22




%573 TECHNISCHE
7/7\ UNIVERSITAT
%97 DARMSTADT

... acknowledgements

Mirko von Schmid
Poster Prize STORI’14

Juan Carlos Zamora
(now Sao Paulo University)

: \
‘ z“\—\oﬂ‘-‘-\"

28 October - 02 November 2018 | COMEX6, Cape Town | Thorsten Kroll | 23




