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Time-Projection Chamber (TPC)
+ gas is the target

● Electrons produced by ionization
drift to an amplification zone

● Signals collected on a segmented
“pad” plane Þ 2d-image of the track

● 3rd dimension from the drift time
of the electrons

● Information:
- angles
- energy (from range or charge)
- particle identification
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Advantages

● Large target thickness
→ high luminosity

● Efficient:
- 4π geometry
- Low thresholds

● Extremely versatile
- different gases and pressures
- variable shape
- auxiliary detectors
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Collective excitations: Giant resonances

● Giant Resonances (GR) are 
nuclear collective excited states

● Many if not all nucleons
are involved in the excitation

● They involve spin (S), isospin (T) 
and angular momentum (L)

● IVGDR known since 1947
T T T T

M. N. Harakeh and A. van der Woude,
Giant Resonances: Fundamental High-Frequency Modes
of Nuclear Excitation
Oxford University Press

Photofission of 238U
Baldwin and Klaiber
Phys. Rev. 71 (1947) 3
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Collective excitations: Giant resonances

Why so important?

● Robust test for self-consistent mean-field approaches 
based on density functionals

● GRs: harmonic oscillations, RPA response function 
derived from TDHF equations

● GRs constrain the parameters of the functional
to the nuclear dynamics

● Provide information on features of finite nuclei
and nuclear matter
Effective masses, neutron skin, vortex motions, 
incompressibility
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Isoscalar modes

PROJECT OUTLINE

State of the Art

Giant resonances in nuclei are collecƟve excitaƟons, involving a large fracƟon of the con-
sƟtuents neutrons and protons. Their study provides major constraints to nuclear models,
especially those based on the density funcƟonal theory [1]. Among the different giant res-
onances, the isoscalar response (in-phase moƟon of protons and neutrons) is of parƟcular
interest: it can be linked to the incompressibility of nuclear maƩer Kҋ, an important parame-
ter in the nuclear-maƩer EquaƟon of State (EoS) [2]. In turn, the laƩer plays a crucial role in
nuclear collisions and in the outcome of the collapse of heavy stars in supernova explosions.
Isoscalarmodes are characterised by a succession of compression and expansion phases of the
nuclear maƩer. For this reason they are also called compression modes. They can be classi-
fied according to their mulƟpolarity: Figure 1 presents a schemaƟc view of the isoscalar giant
monopole (ISGMR), dipole (ISGDR) and quadrupole (ISGQR) resonances.

Figure 1: SchemaƟc illustraƟon of the
isoscalar giant resonances (compression
modes) in nuclei. The intensity of the
colour represent the local density (figure
courtesy of M. Harakeh).

The study of the compression modes in stable nu-
clei has been pursued for the last four decades. The
nuclear-maƩer incompressibility Kҋ is calculated by
constraining the parameters of energy density func-
Ɵonals [3, 4] in order to reproduce themeasured val-
ues of the energy of the compression modes. The
value of Kҋ obtained from measurements of the IS-
GMR and ISGDR on the stable 90Zr, 144Sm, and 208Pb
is Kҋ > )240 � 10*MeV [4, 5]. However, the same
calculaƟons cannot reproduce the energies of the IS-
GMR in the Sn [6, 7] and Cd [8] chains of isotopes. A
recent aƩempt of a simultaneous fit of those exper-
imental data [9, 10] provided a value of the nuclear
incompressibility Kҋ > )230�40*MeV, smaller than
the previous value and with a larger uncertainty. In
other words, there are sƟll large uncertainƟes on the
dependence of the nuclear-maƩer incompressibility
as funcƟon of the neutron-proton asymmetry. It is
thus highly desirable to extend the measurements
of the compression modes to nuclei with a large value of neutron-proton asymmetry, i.e. to
nuclei outside the valley of stability.
The measurement of giant resonances in unstable nuclei is a challenging task. So far, most ef-
forts have been dedicated to the excitaƟon of the isovector dipole mode (collecƟve oscillaƟon
of the neutrons against the protons) in neutron-rich O [11], Ne [12] and Sn [13] isotopes. In the
most exoƟc nuclei, pygmy resonances (reflecƟng the collecƟvity due to the extra neutron-skin
or proton-skin relaƟve to the core) are also observed [14], and an isoscalar monopole mode,
called soŌmonopolemode, has been predicted in neutron-rich nuclei at lower energy [15–17].

1

● Isoscalar modes are compression modes
→ tool to study incompressibility of nuclear matter !"
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● RPA calculations that provide !" and $%&'()
!" = 230 ± 40 MeV Kahn et al, Phys. Rev. Lett. 109 (2012) 092501
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Equation of State

● !" is an ingredient of the
nuclear Equation of State (EoS)

● EoS is used to describe
- heavy-ion collision
- core-collapse supernovas
- neutron star and neutron-star mergers
- black holes…

● Constrained by 
- astrophysical observations
- properties of nuclei

● Kahn et al, Phys. Rev. Lett. 109 (2012) 092501:
- Use $'() vs. derivative of ! O at OP
instead of $'() vs. !"

- Measure QRST in nuclei far from stability
to study the isospin dependence of U V

Image credit: Mark Garlick, University of Warwick

X axis scaled as r3. This allows taking into account the
increase of nucleons per volume unit; the total number of
nucleons corresponds to the integral of constant steps of
the radial density represented on the upper part of Fig. 1.
It is now perceptible that about one-third of the nucleons of
the 208Pb nucleus lie in the saturation density area, whereas
two-thirds are localized in the surface at a density lower
than the saturation one. Therefore, even in heavy nuclei,
the contribution of the surface is larger with respect to
the volume one, raising the question of the legitimacy of
constraining EOS quantities at saturation density by
measurements of nuclear observables.

Another illustration is given by calculating the mean
density of the 208Pb nucleus. Using a Skyrme-HF calcu-
lation, one obtains h!i ¼ 0:12 fm"3 in 208Pb with a vari-

ance
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h!2i" h!2i

p
¼ 0:04 fm"3. Therefore, the density

value characterizing a nucleus is not the saturation one
(!0 ¼ 0:16 fm"3) but a significantly lower one, with a
range spanning from !0=2 to !0. It should be noted that
the dependence of the mean density on the nucleus is rather
weak: 0:11 fm"3 for 120Sn. In light nuclei, the mean den-
sity drops down as expected: 0:07 fm"3 for 40Ca.

Consequently, the measurement of an averaged observ-
able in a nucleus is more properly related to a correlated
EOS quantity defined around the mean density than at the
saturation density. This fact is illustrated on Fig. 2, where
the density-dependent incompressibility, defined by [16,17]

Kð!Þ ¼ 9

!"ð!Þ ¼ 9!2 @
2Eð!Þ=A
@!2 þ 18

!
Pð!Þ; (1)

and obtained from various EDFs is plotted with several
Skyrme, Gogny and relativistic interactions, all designed
to describe observables in nuclei such as masses
and radii. They intersect around the crossing density

!c ’ 0:7!0 ’ 0:11 fm"3. The existence of a crossing den-
sity has been empirically noticed in previous works on the
symmetry energy (Fig. 2 of Ref. [6]), pairing gap (Fig. 2 of
Ref. [18]) or the neutron EOS (Fig. 2 of Ref. [3] and Fig.1 of
Ref. [4]), and we provide here an explanation, related to the
mean density: when designing EDF with nuclear observ-
ables, the corresponding EOS is constrained not at the
saturation density but rather around the mean density (the
crossing density). In the case of the symmetry energy,
the value at a density ! ’ 0:11 fm"3 is taken to be around
25MeV, a value close to the symmetry energy coefficient of
the liquid drop expansion [5,6,19], as an empirical prescrip-
tion. This last value contains both a volume and surface
terms, and thus represents the symmetry energy extracted
from nuclei observables. For the incompressibility, the
GMR is known to be related to the mean square radius of
the nucleus by the energy weighted sum rule [2]. In the
design of EDFs, the considered constraint on nuclear radii
induces a constraint on the compression mode, likely ex-
plaining the crossing around 0:7!0 observed on Fig. 2. This
shows the universality of the crossing effect, arising from
the constraints encoded in the EDF fromnuclei observables.
Due to this crossing area, a larger K1 ¼ Kð!0Þ value for a
given EDF can be compensated by lower values of Kð!Þ at
sub-crossing densities, so to predict a similar energy of the
GMR in nuclei: the GMR centroid is related to the integral
of Kð!Þ over a large density range [17]. This allows us to
understand howEDFwith differentK1 can predict a similar
energy of the GMR, as noted in Ref. [15].
Various EDF’s shall exhibit various density dependen-

cies around the crossing point. At first order the derivative
of the incompressibility (or symmetry energy or pairing
gap) at this point will differ between various EDF’s.
Complementary measurements in nuclei are needed to
characterize these derivatives. For instance in Ref. [3,4]
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FIG. 2 (color online). EOS incompressibility calculated with
various functionals, showing the crossing density around
0:7!0 ’ 0:11 fm"3.

0 2.2 5.8 7.4 8.4 9.3 10
r (fm)

0

0.05

0.1

0.15

0.2

 ρ
  (

r)
 (f

m
-3

)

0 5 10 15
r (fm)

0

0.05

0.1

0.15

0.2

 ρ
  (

r)
 (f

m
-3

)

208
Pb

208
Pb

I=4π   ρ(r)r
2
dr

4π   ρ(r)d(r
3
)

3I=

FIG. 1. Matter density of 208Pb calculated with the HF ap-
proach using the SLy4 functional with different X axis scales.
Top: representation taking into account the nucleons’ distribu-
tion in the nucleus. Bottom: usual representation.
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Soft modes: PDR

Low-energy dipole strength

● First observation in 1961
W rays from neutron capture
G.A. Bartholomew, Annu. Rev. Nucl. Sci. 11 (1961) 259

● First use of “pygmy resonance” (PDR)
J.S. Brzosko et al., Can. J. Phys 47 (1969) 2849

● Description as a collective excitation
Mohan et al., Phys. Rev. C 3 (1971) 1740
“Three-Fluid Hydrodynamical Model of Nuclei”:
Neutron excess oscillates against the N=Z core
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Soft modes: PDR

D. Vretenar et al., J. Phys. G 35 (2008) 014039

Core in phase
+neutron skin

PDR
IVGDR
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Soft modes: PDR

● Different experimental probes 
to investigate the nature of 
these states Isoscalar

Isovector
Figure A. Bracco et al.,

Eur. Phys. J. A 51 (2015) 99
Data from K. Govaert et al.,
Phys. Rev. C 57 (1998) 2229

and J. Endres et al.,
Phys. Rev. C 85 (2012) 064331
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Soft modes: PDR

Impact: r-process abundances

● Calculation for
T = 109 K, Nn = 1020 cm-3, τ = 2.3 s

● Under some conditions,
PDR can enhance production
in some regions

( )S. GorielyrPhysics Letters B 436 1998 10–1816

Ž .The DC rates are calculated with Eq. 5 for all
the nuclei involved in the r-process nucleosynthesis
and added incoherently to the damped CN contribu-

Ž Ž ..tion Eq. 4 obtained in Section 2. Fig. 5 compares
Ž .the resulting total n,g rate to the standard rate

commonly used in r-process calculations, i.e. de-
duced from a GDR strength function only. Devia-
tions within a factor of 1000 from the standard GDR
predictions can be observed for nuclei relevant to the

w xr-process, i.e such that 1QS MeV Q3. Althoughn
for most of the nuclei, the DC and PR effects tend to
enhance the neutron capture, the reduced number of

Ž .available excited states above and below S in then
residual nucleus not only drastically decreases the
CN component, but also makes the DC mechanism
quite inefficient. For many neutron-rich nuclei, no
allowed direct transitions are found, and the direct

w xchannel is consequently inhibited 11 . These effects

are relatively significant close to the neutron shell
Ž .closures especially Ns 82 , and are therefore ex-

pected to have an impact on the r-process nucleosyn-
thesis.

4. Impact of the PR and DC on the r-abundance
distribution

To illustrate the impact of the PR contribution and
DC mechanism on the r-process nucleosynthesis, we
consider the simple non-equilibrium canonical model
in which a full reaction network is solved for a given
set of parameters defining the temperature T of the
astrophysical site, its neutron density N and the timen
during which the neutron irradiation takes place t .irr
More details of the r-process model can be found in
w x15 . The r-process calculations are performed with 3

. 9 20 y 3Fig. 6. a r-abundance distributions for Ts 10 K, N s 10 cm and t s 2.4 s with 3 different estimates of the neutron capture rates:n irr
Ž .the standard GDR component, the GDRqPR strength and the damped statistical CN plus DC contribution. The top curve corresponds to

. . 9 28 y 3the solar r-abundances arbitrarily normalized. b same as a for Ts 1.5=10 K, N s 10 cm and t s 0.3 s.n irr

S. Goriely,
Phys. Lett. B 436 (1998) 10
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Experimental techniques (isoscalar)

J. Endres et al.,
Phys. Rev. C 85
(2012) 064331

● Inelastic scattering, multipole expansion
Maximum cross section at very forward angles

Stable nuclei

● Direct kinematics
W-ray coincidence
to determine multipolarity

Unstable nuclei

● Inverse kinematics
Low momentum transfer
Very low energy of recoil nucleus
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Low momentum-transfer in storage rings
Physics Letters B 763 (2016) 16–19
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A new technique developed for measuring nuclear reactions at low momentum transfer with stored 
beams in inverse kinematics was successfully used to study isoscalar giant resonances. The experiment 
was carried out at the experimental heavy-ion storage ring (ESR) at the GSI facility using a stored 58 Ni 
beam at 100 MeV/u and an internal helium gas-jet target. In these measurements, inelastically scattered 
α-recoils at very forward center-of-mass angles (θcm ≤ 1.5◦) were detected with a dedicated setup, 
including ultra-high vacuum compatible detectors. Experimental results indicate a dominant contribution 
of the isoscalar giant monopole resonance at this very forward angular range. It was found that the 
monopole contribution exhausts 79+12

− 11% of the energy-weighted sum rule (EWSR), which agrees with 
measurements performed in normal kinematics. This opens up the opportunity to investigate the giant 
resonances in a large domain of unstable and exotic nuclei in the near future. It is a fundamental 
milestone towards new nuclear reaction studies with stored ion beams.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Light-ion scattering measurements provide important informa-
tion about the structure and bulk properties of nuclei. For in-
stance, elastic scattering gives access to nuclear potentials and 
the radial distribution of nuclear matter [1–3]. Inelastic scatter-

* Corresponding author.
E-mail address: jczamorac@ikp.tu-darmstadt.de (J.C. Zamora).

ing provides the possibility to study the deformation and collec-
tive excitation modes of nuclei [4,5]. In particular, from inelastic 
α-scattering, compression modes like the ISGMR (isoscalar giant 
monopole resonance) or the ISGDR (isoscalar giant dipole reso-
nance) are predominantly excited because of the scalar-isoscalar 
nature of the α-particle. These isoscalar giant resonances are of 
great interest because their energies are directly related to the 

http://dx.doi.org/10.1016/j.physletb.2016.10.015
0370-2693/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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compression modulus K A for finite nuclei [5]. Microscopic calcula-
tions are then usually employed to connect the experimental value 
K A and the nuclear incompressibility K∞ . The latter is a key pa-
rameter of the equation of state (EoS) for nuclear matter. With 
relativistic and non-relativistic microscopic models, the nuclear-
matter incompressibility has been determined with an accuracy 
of at most 10% to 20% [6,7]. Part of the uncertainty is due to 
our poor knowledge of the symmetry energy Ksym [7]. Therefore, 
new experimental data along isotopic chains covering a wide range 
in N/Z ratios, including neutron-deficient and neutron-rich nuclei, 
are of paramount importance to determine both the nuclear-matter 
incompressibility and the symmetry energy more precisely. The 
knowledge of the EoS of asymmetric nuclear matter is not only 
fundamental for the understanding of nuclear phenomena, but is 
also a prerequisite for the understanding of explosive events like 
supernovae and properties of dense objects in the cosmos like neu-
tron stars.

Over the years, measurements of giant resonances over a wide 
range of nuclei have been successfully performed in normal kine-
matics by employing dedicated spectrometers to separate the in-
elastically scattered particles at small angles in the center-of-mass 
system (θcm) [8–10]. However, this technique is limited to stable 
nuclei because of the difficulty to produce targets of short-lived ex-
otic nuclei. With the availability of radioactive beams, novel tech-
niques have been developed using inverse kinematics [11,12]. One 
of the major advantages of carrying out this type of experiments 
in inverse kinematics is that the scattered recoils at small θcm can 
be measured at relatively large laboratory angles of up to 50◦ . 
This means, inelastically scattered particles are kinematically sepa-
rated from the beam direction, which in turn is quite favorable for 
measurements at very forward angles in the center-of-mass frame. 
However, the experiments are constrained by the low kinetic en-
ergies of the scattered recoils that are usually in the order of few 
hundreds of keV. In this case, straggling and energy loss in the 
target as well as in the windows of the experimental setup play 
a critical role in the recoil detection. Therefore, windowless tar-
gets and detector systems are preferable for such measurements. 
Recent experiments with active targets produce successful mea-
surements of the excitation of giant resonances [13–15]. However, 
such experiments were limited due to detection sensitivity for the 
recoiling particle to center-of-mass scattering angles significantly 
above 1◦ , a region where quadrupole excitations and even higher 
multipolarities become significant. In this Letter, we report the first 
measurement of inelastic α-scattering in inverse kinematics cover-
ing scattering angles around 1◦ in the center-of-mass frame (and 
even below), i.e., in the range where the excitation of the ISGMR 
is dominant.

A new method which fulfills the previous conditions, besides 
providing high luminosities, was applied for the present measure-
ments. This method is the stored-beam technique, which is the 
basis of the EXL (exotic nuclei studied with light-ion induced re-
actions in storage rings) project [16,17] that is presently being 
operated at the existing experimental heavy-ion storage ring (ESR) 
[18] at the GSI facility. In the future, this project will also be a 
part of the program for nuclear structure, astrophysics and reaction 
(NUSTAR) studies at the future facility for antiproton and ion res-
earch (FAIR) [16] under construction at GSI. A first in-ring exper-
iment with a stored radioactive 56Ni beam was recently reported 
[19,20]. Also, the experimental procedure and some preliminary 
results of this work were already reported in Ref. [21].

In this pioneering experiment, a 58Ni beam was produced and 
accelerated up to the energy of 150 MeV/u by the UNILAC-SIS18 
accelerator complex and injected into the ESR which has a cir-
cumference of about 108 m and a maximum magnetic rigidity of 
10 Tm. With each beam injection, about 108 particles were stored 

Fig. 1. (Color online.) Schematic illustration of the vacuum chamber installed in the 
ESR [22]. The stored beam interacts with the gas-jet target oriented perpendicular 
to the beam. The detectors were assembled at two internal pockets centered at 80◦

and 32◦ , with respect to the beam direction. Measurements of isoscalar giant res-
onances were performed with a DSSD covering angles from 27◦ to 37◦ . Kinematics 
for the excitation of the ISGMR is shown in the inserted plot (for details see text).

in the ring. The ESR magnets and rf system were set to decel-
erate the stored 58Ni ions to a final energy of 100 MeV/u. This 
energy results in a beam revolution frequency inside the ring of 
about 1.2 MHz. The use of the electron cooler enabled a con-
stant beam energy and a small beam emittance (of the order of 
0.1π mm mrad). The cooled 58Ni beam interacted with an internal 
gas-jet target of helium which has an extension of about 5 mm 
full width at half maximum (FWHM) at the interaction zone. The 
density of the helium target was about 7 × 1012 part./cm2. This 
low target density was well compensated by the beam revolution 
frequency, which leads to a significant improvement in the lumi-
nosity. Luminosities of the order of 1025 to 1026 cm−2 s−1 were 
obtained in our measurements. With the present experimental 
conditions at the ESR, due to the target densities and the trans-
mission efficiency for radioactive beams, only measurements with 
stable beams or close to stability radioactive beams are feasible 
to achieve sufficiently high luminosities that are needed in experi-
ments to study giant resonances. In particular, these measurements 
are of great importance because they will provide a proof of prin-
ciple for future experiments with radioactive beams. In the future, 
radioactive beams provided by Super-FRS at FAIR to the storage 
ring will increase by a few orders of magnitude in intensity com-
pared to those provided by the present FRS and the detection 
system EXL will cover almost 4π solid angle [16].

As it was necessary for this experiment to measure low energy 
recoils (above 100 keV), the detector array was designed to be win-
dowless and placed directly inside the ring. As a consequence, the 
detector setup must be ultra-high vacuum (UHV) compatible and 
mounted around the internal gas-jet target where a vacuum in the 
order of 10−10 mbar or below is required. An additional constraint 
is that to achieve such a vacuum condition in the ESR, it is nec-
essary to increase the temperature of the chamber to a value of 
about 150 ◦C for several days (bakeout) before the experiment. In 
order to comply with these conditions, the detector array was in-
stalled in a vacuum chamber and composed of two internal pockets
covering the laboratory angular ranges of [74◦, 88◦] and [27◦, 37◦], 
respectively, as illustrated in Fig. 1.

In the front part of each pocket, a DSSD (double-sided silicon 
strip detector) of 285 µm thickness, (64 × 64) mm2 in area and 
with 128 × 64 orthogonally oriented strips was installed. Inside 
these pockets all unbakeable and outgassing elements (e.g., con-
nectors, cabling, etc.) were placed in high vacuum (in the order 
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Fig. 4. (Color online.) Multipole-decomposition analysis (MDA). The top panels show 
angular distributions for two measured excitation energies. The bottom figure shows 
the result of the MDA for the monopole component. The data are compared with a 
self-consistent RPA calculation presented with a solid line.

Table 1
ISGMR contribution obtained from multipole-decomposition analysis. The results of 
this experiment are obtained from a Gaussian fit in the energy range from 15 to 
30 MeV.

Reference Centroid [MeV] WidthRMS [MeV] EWSR [%]

this work 20.5(6) 4.6(6) 79+12
−11

[9] 19.20+0.44
−0.19 4.89+1.05

−0.31 85+13
−10

[32] 20.30+1.69
−0.14 4.25+0.69

−0.23 74+22
−12

[26] 19.9+0.7
−0.8 – 92+4

−3

mb/sr MeV−1. Moreover, the dipole contribution increases at high 
energies and becomes dominant where the scattering angles corre-
spond to the minimum of the monopole angular distribution. The 
coefficients of such fits are directly related to the percentage of 
the exhausted energy-weighted sum rule (EWSR) in each energy 
interval [25]. In the bottom of Fig. 4 the results for the monopole 
contribution are shown. As was discussed above, because of the 
cuts in the cross-section data, the sensitivity of this energy distri-
bution is constrained to excitation energies higher than 15 MeV. 
The monopole strength observed in the range from 15 to 30 MeV 
exhausts 79+12

−11% of the E0 EWSR, which is in agreement with re-
sults performed in the past in normal kinematics. Table 1 shows a 
comparison of some of these results with the ones obtained in this 
work. The centroid and width of the ISGMR contribution in this 
experiment are obtained from a Gaussian fit of the energy distri-
bution from 15 to 30 MeV.

In Fig. 4, also a theoretical prediction from a self-consistent
RPA (random-phase approximation) calculation is presented with 
a solid line. This strength function was calculated with the 
code SKYRME_RPA [33] by applying the interaction SkO’ [34]. 
Lorentzian functions of 2 MeV width were employed for smear-
ing this distribution. The comparison with the experimental data 
shows a reasonable agreement in the whole energy range, in par-
ticular around the maximum of the ISGMR distribution and the 
exhausted EWSR strength. This is quite remarkable since it also 
demonstrates the consistency of our experimental results even 
without availability of data below 15 MeV.

In summary, a new technique developed to perform nuclear 
reaction experiments using stored ion beams and an UHV com-
patible detection system have allowed measurements of recoil-like 
particles at very low momentum transfer. The technique was suc-

cessfully applied to measure isoscalar giant resonances in a stored-
beam experiment for the first time. Experimental results reveal a 
dominant contribution of ISGMR in the θcm range from 0.5◦ to 
1.5◦ . The pure isoscalar giant monopole resonance derived from 
multipole-decomposition analysis is consistent with the analysis of 
other experiments performed in normal kinematics as well as with 
theoretical predictions with RPA calculations applying a Skyrme 
force. This is a clear demonstration for the feasibility of prospective 
studies with stored radioactive beams. In particular, the new tech-
nique allowed to perform measurements down to below 1◦ in the 
center-of-mass system, not feasible for inverse kinematics by other 
techniques up to date. In the future this experimental method 
can be applied to investigate the giant resonances of a large do-
main of unstable and exotic nuclei. New experiments with the EXL 
program are already planned with an extended detector setup cov-
ering larger angular ranges for studies with unstable stored beams 
at GSI and in the future, at FAIR.
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Active targets: Maya

● Particles stopped inside the gas

● Mask to screen/collect electrons
produced by the beam particles

● 56Ni(d,d’)   GMR and GQR
C. Monrozeau et al., PRL 100 (2008) 042501

● 68Ni(d,d’) and (α,α’)
GMR, GQR and soft monopole
M. Vandebrouck, PRL 113 (2014) 032504
M. Vandebrouck, PRC 92 (2015) 024316

● 56Ni(α,α’)   GMR and GDR
S. Bagchi, PLB 751  (2015) 371

Figure: M. Vandebrouck, PRC 92 (2015) 024316
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Active targets: Maya

Example 68Ni (α,α’)
● Beam intensity 4x104 pps, purity 75%
● He + 5% CF4 pressure 500 mb
● Recoil threshold 600 keV

56Ni 50 MeV/A Monrozeau et al. 
2008

EISGMR = 19.3 ± 0.5 MeV
EISGQR = 16.2 ± 0.5 MeV

56Ni 50 MeV/A Bagchi et al. 2015 EISGMR = 19.1 ± 0.5 MeV
EISGDR = 17.4 ± 0.7 MeV

68Ni 50 MeV/A Vandebrouck et al. 
2015

EISGMR = 21.1 ± 1.9 MeV
EISGQR = 15.9 ± 1.3 MeV

M. Vandebrouck, PRL 113 (2014) 032504
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Beyond Maya: ACTAR TPC
Improvements
● Multi-particle detection
● Low energy threshold
● Spatial resolution (angular and range)
● Reconstruction efficiency
● New electronics (16k channels) 
● Energy dynamics

- pad polarization
- electrostatic mask 

HV Feedthrough 20Kv

4 Field grids

Cathode

254mm

300mm

300mm

High Voltage (5kV 
to 20 kV)

ZOOM Gold touch point: 
On each grid , output voltage 0.5kv,
In contact with the Anode PCB 544mm534mm

20/10/2017 T. Roger – Colloque GANIL 2017 25

ACTAR TPC: Final detector status

  Status of the detector today:
 Mounted on the G3 beam line
 All electronics plugged (~ 5% failure, connexion problems that will be solved next week)
 Field cage successfully mounted and polarized
 First tests in alpha source next week
 Commissioning planned for Nov. 20th: 18O(p,p) resonant scattering reaction

Work of P. Gangnant, GANIL
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Isoscalar resonances in 68Ni

● Measurement at LISE (GANIL)

● 58,68Ni at 49 MeV/nucleon, ≈104 pps
inelastic scattering on 4He

● 98% He + 2% CF4
400 mbar
2.5x1020 at/cm2

● Resolution ≈500 keV

Figure: Marine Vandebrouck

E*(68Ni) = 20 MeV

E*(68Ni) = 10 MeV

Elastic

PhD of Alex Arokiaraj (KU Leuven)
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Where do we go from here

82

20 28

50

126

8228

20

8

50

82

Ca

Ni

Zr,Mo

Cd,Sn

Nd,Sm

● Chain of isotopes (ΔN ≥ 4)
with measurements of GMR (and/or GQR)
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Active target in NUSTAR?
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will be separated in flight within several hundred nanoseconds and delivered to the large-scale detector sys-
tems (“end stations”) which are planned within the Modularized Start Version of FAIR. These detector sys-
tems will be placed at the exits of the three separator branches: HISPEC/DESPEC and MATS/LaSPEC at the 
Low-Energy Branch (LEB), R3B at the High-Energy Branch (HEB) and ILIMA at the Storage-Ring 
Branch (RB). The high separation power is achieved under the phase-space condition of 40 S mm mr at a 
specific kinetic energy up to 1,500 A MeV uranium beams and a longitudinal momentum acceptance of 
Δp/p=±2.5%. Properties of the Super-FRS are summarized in figure 1. These challenging performance pa-
rameters are achieved with a multi-stage magnetic system, comprising intermediate degrader stations. Spe-
cialized detector systems for full particle identification event-by-event and at high rates verify the separation 
performance. This Super-FRS standard detector system (for separation and identification of exotic nuclei), 
combined with additional, so-called “ancillary detectors”, secondary and tertiary target stations and specially 
shaped degraders, that will be placed at the different focal planes of the Super-FRS, can also be used advan-
tageously for high-resolution momentum measurements. For instance, the energy-buncher spectrometer at 
the LEB can ion-optically be coupled to the main separator in a dispersion-matched mode, which yields a 
high momentum resolving power of up to 20,000 for a 1 mm object size. Such an arrangement can be used 
for spectroscopy of nuclear states after secondary reactions. It is these features which make the Super-FRS 
unique also for stand-alone experiments. 
 

 
Fig. 1: Characteristics of the Super-FRS with its three branches and the LEB spectrometer-energy-buncher system. The 
focal planes, where the ancillary equipment of the Super-FRS Experiment Collaboration will be located, are indicated. 
 
 

3. Experiments at Super-FRS 
In this chapter, the scientific case is briefly recapitulated and the conceptual design of the experiments, the 
setups and their implementation are described. 

 

3.1 Physics goals 
The Super-FRS Experiment Collaboration is one of the NUSTAR sub-collaborations. Many of the present 
scientific cases are unique in the world and also within NUSTAR. The cases presented here naturally com-
prise experiments that have common goals with other NUSTAR experiments, as they aim at studying nuclear 
structure, nuclear astrophysics and reactions. However, these experiments are largely complementary and use 
the unique characteristics of the Super-FRS that were described above. 
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tering at 700 A MeV, which is on the one hand a case of most physics interest, and, on the other hand, due to 
its high lying first excited state around 4 MeV, a case where the separation of the excited states should be 
most feasible. First simulations have shown that the energy resolution for the scattered projectile will not be 
affected by the energy straggling in the gas and the exit window of the active target for incident energies 
above about 600 A MeV. The active target will be operated with hydrogen or helium gas at 1...25 bar pres-
sure and contain multiple anodes; a grid for shielding the ionization cloud of the penetrating beam will allow 
to detect the scattered protons even for penetrating high-Z projectiles. A schematic view is depicted in fig-
ure 15. 

 

 

 

 

 

 

 

 

Fig. 15: The active target will be located at FMF2 of the Super-FRS. The recoil measurement will be combined with the 
high-resolution momentum analysis of the scattered fragment. 

 

Topic 10: Nuclear reaction studies and synthesis of isotopes with low-energy RIBs 
 Radioactive ion beams at Coulomb barrier energies will open a wide field for the study of deep-inelastic 
reactions of heavy nuclei and their application for the synthesis of new exotic heavy and superheavy iso-
topes. Deep inelastic reactions are characterized by a large amount of energy dissipation, a large flow of nu-
cleons between the interacting nuclei and a noticeable time delay in the reaction, in contrast to direct or qua-
si-elastic reactions. Typical examples are deep inelastic transfer, quasi-fission or complete fusion. Experi-
ments in this field can be divided in two main groups: (i) Study of the process of deep inelastic reactions, 
starting with the mutual capture of projectile and target nucleus up to the formation of certain residual nuclei, 
and (ii) If favorable reactions were discovered in the reaction studies, applications of such reactions for the 
production of new exotic isotopes would be possible. However such a study is considered to be one of the 
long-term goals. 

 

At the Super-FRS, the possibility for a systematic study of the different steps of deep-inelastic reactions will 
open in a wide range of projectile isospin, binding energy, deformation and other degrees of freedom as well 
as the influence of shell effects. The information obtained from such a systematic study is decisive for the 
advancement of theoretical models which describe the process of deep inelastic reactions. One of the im-
portant goals is to find suitable reactions or find new reactions for the production of neutron-rich as well as 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 16: Experimental setups that are presently considered for low-energy reaction studies using radioactive beams: 
CORSET (left) is an example of an existing detection system for the study of deep inelastic reactions with some im-
portant parameters (http://flerovlab.jinr.ru/flnr/corset.html). Next generation setups should cover a larger solid angle 
(ideally up to 4S�coverage) to achieve highest sensitivity and efficient use of the weak radioactive beams. The FRS Ion 
Catcher (right) is shown at its present location at the final focal plane of the FRS.

Maximum energy ≈200 MeV/nucleon
→ Bρ(132Sn) = 5.35 Tm

CDR of Super-FRS
(Nov 2016)
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Active target in NUSTAR?

● Elongated geometry (1m?)
● Track reconstruction in gas
● Particle angles from tracks
● Particle energy from ancillary 

detectors
● Decay particles at forward angles
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Summary

Collective modes (still) very important
for nuclear research and beyond

● GRs: constraints on density functionals

● IS-GRs (compression modes): related to incompressibility
and Equation of State of nuclear matter
→ nuclear physics, astrophysics implications

● Soft modes not well understood:
Neutron skin?
Nature of excitations?

Opportunities at NUSTAR/FAIR

● Maximum energy ≈200 MeV/nucleon

● Location at Super-FRS, Low-Energy Branch…

● High luminosity, complete kinematic reconstruction


