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Scattering experiments with radioactive 
beams at FAIR (CDR)

ELISe –
Electron-Ion collider

Anti-Proton – Ion 
collider

EXL - scattering experiments 
at internal gas targets
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Experiments at storage rings (CDR)

• Reactions with
internal targets

- Elastic p scatt.

- (p,p’) (a,a’)

- charge-exchange 

- transfer

• Electron scattering

- elastic scattering

- inelastic

• Antiproton-A collider
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Light-ion scattering in the storage ring (EXL)

Scattering in inverse kinematics

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

- 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 ~ 106

T. Aumann, Technische Universität Darmstadt 
 

Exotic Nuclei: Scattering in inverse kinematics 

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

    - giant monopole excitation 

    - elastic scattering 

Experimental difficulty 

    - low recoil energies 

    -> thin targets (low luminosity) 

Experimental approaches: 

    - active target   

    - in-ring scattering at internal    
                               gas-jet targets 

      gaining back luminosity due to 
        circulation frequency of ~ 106 
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Scattering experiments in a storage ring:
Measurement of Giant Monopole Resonance

T. Aumann, Technische Universität Darmstadt 
 

α scattering off stable nuclei: GMR in Sn isotopes 

T. LI et al. PHYSICAL REVIEW C 81, 034309 (2010)

TABLE II. OM parameters obtained by fitting elastic scattering
data. Also listed are the B(E2) values for the corresponding 2+

1 states
from Refs. [53,54].

Target V (MeV) W (MeV) aI (fm) RI (fm) B(E2) (e2b2)

112Sn 33.9 31.7 0.60 1.02 0.24
120Sn 33.4 33.0 0.63 1.01 0.20
124Sn 34.0 33.5 0.61 1.02 0.17

DOLFIN [49]. We use the transition densities and sum rules
for various multipolarities described in Refs. [13,50,51]. The
radial moments were obtained by numerical integration of
the Fermi mass distribution with the parameter values from
Ref. [52] (listed in Table I).

The optical-model (OM) parameters, viz., the real part of
the potential [VF (r)], the Woods-Saxon type imaginary part
of potential (W ), the reduced radius (RI ), and the diffuseness
(aI ) in Eq. (2) were determined by fitting the differential cross
sections of elastic α scattering measured for 112Sn, 120Sn,
and 124Sn in a companion experiment; the results are listed
in Table II. The OM fits to the elastic scattering data for
112Sn, 120Sn, and 124Sn, are shown in Figs. 4(a), 5(a), and
6(a), respectively. To test the efficacy of the OM parameters,
DWBA calculations were carried out for the first 2+ states
in these nuclei using a collective form factor and previously
established B(E2) values obtained from Refs. [53,54] (also
listed in Table II). Figures 4(b), 5(b), and 6(b) compare
the results of these calculations with the experimental data;
indeed, the DWBA calculations reproduce the experimental
differential cross sections for the 2+

1 states well without any
normalization.

The contribution of the IVGDR excitation to the measured
cross sections was subtracted prior to multipole decomposi-
tion. Cross sections for exciting the IVGDR were obtained with
DWBA calculations on the basis of the Goldhaber-Teller model

FIG. 4. (a) Ratio of the elastic α-scattering cross sections to the
Rutherford cross sections for 112Sn at 386 MeV. (b) Differential cross
sections for excitation of the 2+

1 state in 112Sn. The solid lines are the
results of the folding-model calculations.

FIG. 5. Same as Fig. 4, except for 120Sn.

FIG. 6. Same as Fig. 4, except for 124Sn.

FIG. 7. Angular distribution of 1-MeV bins centered at Ex =
16.5 MeV for 112Sn(α,α′) and 124Sn(α,α′). 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 =
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).
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FIG. 2. (a) Horizontal-position spectrum of the 112Sn(α,α′) reac-
tion at 0◦. The hatched region is background events. (b) Background-
free spectrum.

vertical position spectrum was treated as true + background
events. The off-center regions were treated as background
only. Figure 2(a) shows the horizontal position spectrum for
the 112Sn(α,α′) reaction at 0◦. The background spectrum has
no distinct structure in the giant resonance region. Finally,
we have obtained clean spectra by subtracting the background
spectrum from the true + background spectrum, as shown in
Fig. 2(b).

The background-free “0◦” inelastic spectra for the Sn iso-
topes are presented in Fig. 3. In all cases, the spectrum is
dominated by the ISGMR + ISGQR peak near Ex ∼ 15 MeV.
There is an underlying continuum in the high excitation-energy
region in the spectrum; it is reasonable to assume that this
continuum, remaining after elimination of the instrumental
background, is primarily due to contributions from excitation
of the higher multipoles and quasifree knockout processes
[44].

FIG. 3. Excitation-energy spectra obtained from inelastic
α scattering at θlab = 0.69◦ for all even-A Sn isotopes.

III. DATA ANALYSIS

We have employed the MDA procedure [25] to extract the
strengths of the ISGMR, the ISGDR, the ISGQR, and the high-
energy octupole resonance (HEOR) in the Sn isotopes. The
cross-section data were binned into 1-MeV energy intervals to
reduce the statistical fluctuations. For each excitation energy
bin from 8.5 to 31.5 MeV, the experimental 17-point angular
distribution dσ exp

d$
(θc.m., Ex) has been fitted by means of the

least-square method with the linear combination of calculated
distributions dσ cal

L

d$
(θc.m., Ex), so that

dσ exp

d$
(θc.m., Ex) =

7∑

L=0

aL(Ex) × dσ cal
L

d$
(θc.m., Ex), (1)

where dσ cal
L

d$
(θc.m., Ex) is the calculated distorted-wave Born

approximation (DWBA) cross section corresponding to 100%
energy-weighted sum rule (EWSR) for the Lth multipole.
The fractions of the EWSR, aL(Ex), for various multi-
pole components were determined by minimizing χ2. This
procedure is justified because the angular distributions are
well characterized by the transferred angular momentum L,
according to the DWBA calculations for α scattering. It was
confirmed that the MDA fits were not affected by including
L > 7.

The DWBA calculations were performed following the
method of Satchler and Khoa [45], using the density-dependent
single-folding model for the real part, obtained with a Gaussian
α-nucleon potential, and a phenomenological Woods-Saxon
potential for the imaginary term. Therefore, the α-nucleus
interaction is given by

U (r) = VF (r) + iW/{1 + exp[(r − RI )/aI ]}, (2)

where VF (R) is the real single-folding potential obtained by
folding the ground-state density with the density-dependent
α-nucleon interaction

vDDG(r, r ′, ρ) = −v[1 − βρ(r ′)2/3] exp(−|r − r ′|2/t2), (3)

where vDDG(r, r ′, ρ) is the density-dependent α-nucleon inter-
action, |r − r ′| is the distance between the center of mass of
the α particle and a target nucleon, ρ(r ′) is the ground-state
density of the target nucleus at the position r ′ of the target
nucleon, β = 1.9 fm2, and t = 1.88 fm . W is the depth of the
Woods-Saxon type imaginary part of the potential, with the
reduced radius RI and diffuseness aI .

These calculations were performed with the computer
code PTOLEMY [46,47], with the input values modified [48]
to take into account the correct relativistic kinematics. The
shape of the real part of the potential and the form factor
for PTOLEMY were obtained using the codes SDOLFIN and

TABLE I. Fermi-distribution parameters from Ref. [52]. c is the
adjusted half-density radius for the charge distribution and a is the
diffuseness parameter.

Target 112Sn 114Sn 116Sn 118Sn 120Sn 122Sn 124Sn

c (fm) 5.3714 5.3943 5.4173 5.4391 5.4588 5.4761 5.4907
a (fm) 0.523 0.523 0.523 0.523 0.523 0.523 0.523
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Isoscalar giant resonances in the Sn nuclei and implications for the asymmetry term in the
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We have investigated the isoscalar giant resonances in the Sn isotopes using inelastic scattering of 386-MeV
α particles at extremely forward angles, including 0◦. We have obtained completely “background-free” inelastic-
scattering spectra for the Sn isotopes over the angular range 0◦–9◦ and up to an excitation energy of 31.5 MeV.
The strength distributions for various multipoles were extracted by a multipole decomposition analysis based on
the expected angular distributions of the respective multipoles. We find that the centroid energies of the isoscalar
giant monopole resonance (ISGMR) in the Sn isotopes are significantly lower than the theoretical predictions.
In addition, based on the ISGMR results, a value of Kτ = −550 ± 100 MeV is obtained for the asymmetry
term in the nuclear incompressibility. Constraints on interactions employed in nuclear structure calculations are
discussed on the basis of the experimentally obtained values for K∞ and Kτ .

DOI: 10.1103/PhysRevC.81.034309 PACS number(s): 24.30.Cz, 21.65.Ef, 25.55.Ci, 27.60.+j

I. INTRODUCTION

Isoscalar giant resonances have been extensively studied
since the discovery of the isoscalar giant quadrupole resonance
(ISGQR) in the early 1970s [1–3]. The isoscalar giant
monopole resonance (ISGMR) was identified in 1977 [4,5]
and was the subject of a number of studies through the
1980s [6–8]. The isoscalar giant dipole resonance (ISGDR)
was first reported by Morsch et al. [9] in 208Pb but was
conclusively identified by Davis et al. [10]. Both ISGMR
and ISGDR are classified as compression modes and provide
information about nuclear incompressibility, KA, from which
the incompressibility of infinite nuclear matter, K∞, may be
obtained [11].

Most of the earlier investigations of the isoscalar giant
resonances used inelastic α scattering at 100–200 MeV and
the strength of a particular giant resonance was assumed

to be concentrated in a single peak with a Gaussian or
Lorentzian shape. The resonance parameters were obtained
by multiple-peak fits to the inelastic scattering spectra, after
subtraction of a suitable “background” [12,13]. In the past
decade, the Texas A&M (TAMU) group has carried out (α,α′)
studies of many nuclei at a bombarding energy of 240 MeV and
extracted the strength distributions of various isoscalar giant
resonances in a number of nuclei [14–24] using a multipole
decomposition analysis (MDA) [25]. Contemporaneously, we
have carried out giant resonance measurements using inelastic
scattering of 386-MeV α particles at extremely small angles,
including 0◦ [26–35]. An especially useful feature of our
measurements has been the elimination of all instrumental
background events from the inelastic scattering spectra, which
was rendered possible by the optical properties of the Grand
Raiden spectrometer [36].
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Measurement at 
RCNP 
U. Garg et al. 

T. Aumann, Technische Universität Darmstadt 
 

Ultra-high vacuum compatible detection 
scheme 

EXL campaign (2012): Experiments with
Stable and Unstable Beams @ ESR
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TU Darmstadt (AG Kröll) 
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Ultra-high vacuum compatible detection 
scheme 
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Mirko von Schmid,  
TU Darmstadt (AG Kröll) 

Pilot experiment at the ESR at GSI 
(EXL Collaboration)

RCNP: U. Garg et al.

Measurement of giant monopole 
needs low-momentum transfer 
scattering: storage ring plus gas 
target is ideal combination
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World record already in pilot experiment !

T. Aumann, Technische Universität Darmstadt 
 

Giant monopole resonance
58Ni(↵, ↵0) at 100 MeV/u

31.08.2015 | 3rd European Nuclear Physics Conference (EuNPC2015) | Mirko von Schmid | 9

100

101

102

0 0.5 1 1.5 2 2.5 3

d2 �
/d

⌦
dE

[m
b/

sr
M

eV
]

✓cm [deg]

Ex = 20.5 MeV

exp. data
L = 0
L = 1
L = 2
total

Multipole Decomposition Analysis

0

0.05

0.1

10 15 20 25 30 35 40

Fr
ac

tio
n

of
E

W
S

R
/M

eV

Excitation Energy [MeV]

L = 0
RPA

10�1

100

101

102

0 0.5 1 1.5 2 2.5 3

d2 �
/d

⌦
dE

[m
b/

sr
M

eV
]

✓cm [deg]

Ex = 28.5 MeV
exp. data

L = 0
L = 1
L = 2
total

centroid [MeV] EWSR [%]

21.9+0.8
�1.1 79+12

�11 present data
21.5+3.0

�0.3 74+22
�12 PRC 61, 067307 (2000)

20.8+0.9
�0.3 85+13

�10 PRC 73, 014314 (2006)
21.1 94 RPA calculation [4]

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

Prelim
inary

Analysis by J.C. Zamora, TU Darmstadt

Giant monopole resonance in 58Ni
via inelastic alpha scattering
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Inelastic alpha scattering off 58Ni (100 MeV/u) 

Giant Monopole Resonance of 58Ni 

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

Giant monopole resonance
58Ni(↵, ↵0) at 100 MeV/u

31.08.2015 | 3rd European Nuclear Physics Conference (EuNPC2015) | Mirko von Schmid | 9

100

101

102

0 0.5 1 1.5 2 2.5 3

d2 �
/d

⌦
dE

[m
b/

sr
M

eV
]

✓cm [deg]

Ex = 20.5 MeV

exp. data
L = 0
L = 1
L = 2
total

Multipole Decomposition Analysis

0

0.05

0.1

10 15 20 25 30 35 40

Fr
ac

tio
n

of
E

W
S

R
/M

eV

Excitation Energy [MeV]

L = 0
RPA

10�1

100

101

102

0 0.5 1 1.5 2 2.5 3

d2 �
/d

⌦
dE

[m
b/

sr
M

eV
]

✓cm [deg]

Ex = 28.5 MeV
exp. data

L = 0
L = 1
L = 2
total

centroid [MeV] EWSR [%]

21.9+0.8
�1.1 79+12

�11 present data
21.5+3.0

�0.3 74+22
�12 PRC 61, 067307 (2000)

20.8+0.9
�0.3 85+13

�10 PRC 73, 014314 (2006)
21.1 94 RPA calculation [4]

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

Prelim
inary

Analysis by J.C. Zamora, TU Darmstadt

20.5(6) 



March 2 2017  |  NUSTAR Annual Meeting 2017 | EXL strategy | 7

The EXL experiment CDR)

Electron
cooler

eA-Collider

RIB‘s from the 
Super-FRS

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

Internal 
targetTarget-Recoil and 

Gamma Detector 

around internal target
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FAIR (MSV)

• Highest-intensity beams: 
Very neutron-rich heavy 
nuclei accessible

• High beam energy
• Storage rings

• Novel instrumentation
• New experimental 

methods

Completion: 2025
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New opportunities using storage rings

Many orders of magnitude in 
energy scale

Radioactive nuclei from rest 
to 5 GeV/nucleon
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Short-range correlations

Subedi et al.

Electron-induced 
knockout (JLab)

First pioneering experiments at Brookhaven and JLAB
è Dominance of n-p correlated pairs

protons

ρ = 0.32 fm−3

ρ = 0.16 fm−3

Probing strong interaction at shorter distances
Sensitive to higher densities
Dependence on neutron-proton asymmetry
è Importance for nuclei and nuclear matter and EoS

neutrons

T. Frick et al., 
Phys. Rev. C 71 (2005) 014313  
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Short-range correlations

New target area

Heavy-ion 
detection 
system

PANDAPre-cooled Exotic 
beams from CR 
(740 MeV/u)

HESR
Target development 
and usage for HI 
already demonstrated:
Litvinov, Stöhlker et al.

Large-area forward 
detection system
High granularity, 
good neutron efficiency

First experiments with radioactive beams at HESR (3-5 GeV/nucleon)

(p,2pN) and (g,pn)
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Broad Physics Program with storage rings

Elastic scattering
(p,2pN)
(g,pn)

Inelastic scattering
Charge-exchange

Transfer Reactions

500-5000

20-500

5-20
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EXL at FAIR MSV and moderate extensions

EXL
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Dedicated Detection Systems

HESR:
o Si ring (70-90 degree)
o Forward scintillator walls
o Gamma detection
o Target and heavy-ion detection in 

collaboration with APPA

ESR:
o Si ring (30-60 degree)
o Forward scintillator walls (shared)
o Target and heavy-ion detection in 

collaboration with APPA

CRYRING:
o dE/E detection system for transfer
o Target and heavy-ion detection in 

collaboration with APPA
Eierlegende
Wollmilchsau
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FAIR Phase 0 (<2025)
§ R&D and experiments to be carried out at GSI / ESR / CRYRING
§ Conceptual Design Report for EXL at FAIR MSV (distributed and dedicated 

detection systems)
§ Technical Design Reports
§ Stepwise upgrades and construction of detection systems

Phase 1 (>2025)
§ Core detectors completed 
§ First measurements with FAIR/Super-FRS beams
Ø Elastic scattering at HESR
Ø Short-range correlations program at HESR
Ø Experiments at ESR/CRYRING with FRS

Phase 2
§ Moderate upgrades (return line), optimization of ESR
Ø Essentially the full EXL program can be performed

EXL phases


