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Precision in stable 
nuclei
Investigations of the Isoscalar Giant Monopole
Resonance ((IS)GMR)

1
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GMR measurement in stable nuclei
Ø The state-of-the art method: (a,a’) at 35–100 MeV/nucleon 

Spectrometer Grand Raiden @RCNP M2M spectrometer @TAMU K600 spectrometer @iThemba LABS

M. Vandebrouck – ESNT 11/2024
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The background problem in 
excitation energy spectra

M. Vandebrouck – ESNT 11/2024
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Origin of the background 
Ø Physics origin
• ExcitaCon of nuclear conCnuum
• ContribuCons from 3-body channels such as knock-out reacCons
• …

Ø Instrumental origin 
• ScaLering on some elements of the spectrograph
• Other possible origins that depend of the experimental setup

No direct way to estimate it
A bane of all giant resonances measurements

See discussion in the review paper 
U. Garg, G. Colò, Prog. in Part. and Nucl. Phys. 101 (2018)

Ø How is this background usually dealt with ?
Background subtracCon process with a background esCmated
“reasonably”

208Pb(a,a’) at Texas A&M University (TAMU)

D. H. Youngblood et al. Phys. Rev. C 69 (2004) 

Empirical background used

M. Vandebrouck – ESNT 11/2024
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Experimental effort at Research 
Center for Nuclear Physics (RCNP), 

Osaka University

M. Vandebrouck – ESNT 11/2024
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Goal: remove the instrumental background
Ø The ion optics of high resolution spectrometer Grand Raiden
• Particles scattered from the target position (i.e. our good events from (a,a’)

reaction) are focused vertically at the focal plane
• Background events from scattering on some elements of the spectrograph

show a flat distribution vertically at the focal plane

M. Itoh et al. Phys. Rev. C 68 (2003) 

ExcitaNon energy spectra from RCNP experiment 
are almost free of all instrumental background

M. Vandebrouck – ESNT 11/2024
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Recent results in Mo (Z = 42) isotopes
Ø Extraction of the monopole strength in 94,96,98,100Mo using (a,a’) reaction at Ea = 386 MeV 

K. B. Howard et al. Phys. Lett. B 807 (2020) 
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Theore&cal predic&on
RPA calculaCons using relaCvisCc 
FSUGarnet interacCon (covariant 

energy density funcConal). 

Effect of deformation
Coupling between the K = 0 

component of the ISGQR and 
the main ISGMR. Not taken 
into account in calculations.

G. Colò et al. Phys. Lett. B 811 (2020) 

More advanced theore&cal predic&on
QRPA calculaCons using different Skyrme interacCons taking into 

account pairing and axial deformaCons

M. Vandebrouck – ESNT 11/2024
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New analysis approach at RCNP and  
iThemba Laboratory for Accelerated Based 

Sciences (iThemba LABS)

M. Vandebrouck – ESNT 11/2024
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Goal: optimize the background subtraction analysis
Ø ExtracNon of the monopole strength 

deduced from the difference-of-
spectra (DoS) technique  

Assump&on: sum of all mulCpolarity contribuCons 
L > 0 is essenCally the same around 0° as at the 
first minimum of the L = 0 angular distribuCon

A. Bahini et al. Phys. Rev. C 107 (2023) 

Ø Comments on the DoS technique
• Not new ! (S. Brandenburg et al. Phys. Lett. B 130 (1983))
• Need a prior subtraction of the contribution of Coulomb excitation of the 

IVGDR (experimental photonuclear cross sections + DWBA calculations)
• Need a correction factor to take into account the excitation-energy-

dependence of the DoS (at least at iThemba)
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⚠ Rely on the availability of 
informaCon on the strengths of 

the L > 0 mulCpoles from 
previous measurements on the 

same nucleus ⚠

M. Vandebrouck – ESNT 11/2024
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Recent results from iThemba LABS 
Ø Extraction of the monopole strength in 58Ni, 90Zr, 120Sn and 208Pb using (a,a’) reaction at Ea = 196 MeV
• Compatible results from the 3 experiments for 58Ni
• Effect of the excitation-energy-dependent corrections on DoS not negligible for 90Zr and 208Pb

A
. B

ahini et al. Phys. R
ev. C

 107 (2023) 

Using RCNP data for 
excitation-energy-

dependence correction

Using TAMU data for 
excitaCon-energy-

dependence correcCon

M. Vandebrouck – ESNT 11/2024
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New phenomena in 
neutron-rich nuclei
Investigations of the Pygmy Dipole Resonance (PDR)

2



Disposition : Titre et contenu

14

The Pygmy Dipole Resonance (PDR) 

M. Vandebrouck – ESNT 11/2024
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Figure extracted from A. Bracco et al. Prog. Part. Nucl. Phys. 106 (2019) 

PDR
(Pygmy Dipole Resonance) 

• oscillation of a neutron skin against a 
symmetric proton/neutron core

• additionnal E1 strength at lower energy
GDR

(Giant Dipole Resonance)
• oscillation of neutrons against protons
• exhausts ~ 100% E1 strength

Ø Nuclear structure: study of the nature of dipole 
strength

Ø Astrophysical interest: PDR plays important role
- as a constraint of the Equation of State
- for the nucleosynthesis r process 

Pygmy Dipole Resonance (PDR)

M. Vandebrouck – ESNT 11/2024
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The isospin splitting of the PDR

M. Vandebrouck – ESNT 11/2024



Disposition : Titre et contenu

17

What is the nature of a nuclear excitation ?

Tool
scaLering reacCon

Observables 
Excitation energy, Eg and cross section

Interpreta&on
Comparison to microscopic calculaCons

𝑴𝐩(𝐧) = # 𝝆𝒇𝒊
𝐩 𝒏 r r𝐋)* dr

D. Savran et al. Phys. Lett. B 786 (2018) 

M
Multipole moment

r
Transition density

L
Multipolarity of 

the transition

In other words : 
How protons and neutrons contribute to 

the excitaCon strength ?

M. Vandebrouck – ESNT 11/2024
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Complementarity of the scattering experiments
M = bn Mn + bp MpDuring a scattering experiment, a linear combination of Mn and Mp is probed :

bn,p are the interaction strengths between the external field and n,p of the nucleus 

A. Berstein et al. Phys. Lett. B 103, 255 (1981)
E. Khan,  Phys. Rev. C 105, 014306 (2022)

Courtesy V. Lapoux

M. Vandebrouck – ESNT 11/2024
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If several models are able to reproduce E1 strength at lower energy than 
the GDR, they do not agree on the fine structure

New probes are necessary to resolve the complexity of the isospin 
character of the PDR

D. Savran et al. Phys. Lett. B 786 (2018) 

Isoscalar probes          4-6 MeV

ElectromagneCc probe             4-8 MeV

140Ce

Proton probe             selected states

Complex microscopic structure of the PDR

M. Vandebrouck – ESNT 11/2024
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Study of the PDR using (n,n’) reaction SPIRAL2/NFS
Spokespersons: M. V. (CEA Saclay) and I. Matea (IJCLab). 

Ø Motivation
• First study of the PDR using (n,n’) reaction
• Why is it interesting ?
(n,n’) is an elementary probe:
- which does not require Coulomb correction
- complementary to (p,p’) and to other reactions

Experiment in September 2022
140Ce(n,n’)140Ce*(g)140Ce @NFS

Ongoing analysis by Périne Miriot-Jaubert 
(PhD student CEA Saclay Irfu/DPhN)

PDR region

PRELIMINARY

Ø Promising preliminary results

M. Vandebrouck – ESNT 11/2024



Disposition : Titre et contenu

21

Study of the PDR using (p,p’) reaction at CCB

Ø An experimental program launched in 2024
• Data taken for 58,62Ni isotopes in March 2024 – ongoing analysis (A. Giaz, INFN Milano)
• Proposal to continue the study in 64Ni : next year ?

E. Yüksel et al. EPJA 55, 230 (2019)

Figure extracted from the proposal of the experiment (2022)

Study at CCB (Krakow) using 
(p,p’) reaction at E! = 180	MeV

Ø MoNvaNon
• Study the predicted dependence of the PDR on N/Z raCo
• Nickel isotopic chain : large variety of N/Z raCo experimentally 

accessible 

Spokespersons: O. Wieland (INFN, Milano) and M. Kmiecik (IFJ PAN, Krakow)c

M. Vandebrouck – ESNT 11/2024
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PDR in hot nuclei

M. Vandebrouck – ESNT 11/2024
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Experimental program to study the hot PDR in Ni 
isotopic chain at IFIN

Ø Motivation
• Does PDR survive in hot nuclei ?          
• First measurement of the PDR at finite temperature 

Experiment at IFIN (Romania) in 2022
Study in hot 56,60,62Ni (<𝑻𝑷𝑫𝑹> = 1.6 MeV)

Ø Results
• No low-lying strength observed in 56Ni 

as expected
• Extra yield below GDR at around 10 

MeV for 60, 62Ni isotopes 
• For 62Ni, value of around 4% of the 

EWSR extracted
• GDR tail simulated with statistical model 

(Gemini++)

O. Wieland et al., IL NUOVO CIMENTO 47 C, 24 (2024)

The ELIGANT setup

In 2024: following experiment with 56,66Ni 
isotopes, ongoing analysis

M. Vandebrouck – ESNT 11/2024
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Collectivity of the PDR

M. Vandebrouck – ESNT 11/2024
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Collective vs single-particle character of the PDR 
Ø Probing the single-parNcle character of the PDR
Method:
• Study of the PDR populated in neutron-transfer experiment  

using (d,p) reacCon in 120Sn at the University of Cologne

• SelecCve to specific 1p-1h content within PDR states

d

p

120Sn
𝛾

Ø Results

• Strong populaCon in lower PDR region
• Comparison calculaCons in the quasiparCcle-phonon model (QPM) 

and QPM combined with reacCon theory shows a qualitaCve 
agreement insights details of the microscopic structure 

M
. W

einert et al., Phys. R
ev. Lett. 127 (2021) 242501

M. Vandebrouck – ESNT 11/2024
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New phenomena in 
unstable nuclei
Investigations of monopole force in unstable nuclei

3



Disposition : Titre et contenu

27

An experimental challenge

M. Vandebrouck – ESNT 11/2024



Disposition : Titre et contenu

28

Method in stable nuclei Magne&c spectrometer “Grand Raiden” 
@RCNP, Osaka University

a
@97 MeV/nucleon

110Cd Target

a

110Cd

Ø Which reaction ? 
Inelastic scattering of isoscalar particles, typically a, at 35–100 MeV/nucleon

Ø Which analysis method ?
Missing mass method. E*(110Cd) is
deduced from Ea’ and θLab using 2 body
kinematics laws

Ø How to idenNfy the ISGMR, 
i.e. L = 0 strength ? 

Angular distribuCon at small angles in 
the center-of-mass

U. Garg and G. Colò, Part. And Nucl. Phys. 101 (2018)

a’
θLab

M. Vandebrouck – ESNT 11/2024



Disposition : Titre et contenu

29

In unstable nuclei, what is the difficulty?
Ø Which reacNon ? 
InelasCc scaLering of isoscalar parCcles, typically a, at 35–100 MeV/nucleon but
in inverse kinema&cs

a
68Ni

θLab
a’

68Ni*

Ø Which analysis method ?
Missing mass method. E*(68Ni) is deduced
from Ea’ and θLab using 2 body
kinematics laws

Ø How to identify the ISGMR, i.e. L = 0 strength ? 
Angular distribution at small angles in the center-of-mass

Low detection energy threshold

68Ni(a,a’)68Ni*, E68Ni = 50 MeV/nucleon

M. Vandebrouck – ESNT 11/2024
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Pioneering work with detector 
MAYA at GANIL

M. Vandebrouck – ESNT 11/2024
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isobutane a’

68Ni

28 cm

20
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m

25 cm

The active target MAYA at GANIL

31M. Vandebrouck – ESNT 11/2024
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56Ni 68Ni

GMR results in unstable nuclei using MAYA

M. Vandebrouck – ESNT 11/2024
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56Ni 68Ni

GMR results in unstable nuclei using MAYA

GR with MAYA

Recent (published) works: ISGMR

ISGMR in unstable nuclei
56Ni: active target MAYA filled with deuterium gas
bombarding energy of 50A MeV

C. Monrozeau et al. @ GANILPRL 100 (2008) 042501

[3]. No such experiment has been performed for unstable
nuclei up to now, due to the difficult conditions in reverse
kinematics. Indeed, the GMR cross section peaks at 0! in
the center of mass frame, which gives rise to very low
recoil velocities for the light probe. To measure the exci-
tation energy range between 0 to 30 MeV in reverse
kinematics, it is necessary to detect the recoiling particle
(d or !) with energies ranging from 100 keV to 2 MeV at
angles from 0 to 40! in the laboratory frame. A standard
setup with a recoiling particle telescope would necessitate
a very thin target ("100 "g=cm2) to minimize straggling
and thus require an intensity of over 107 pps, which is
prohibitive for current radioactive beam facilities.

With respect to the above experimental constraints, an
active target such as Maya [16] is the key to measuring the
GMR and GQR in unstable nuclei. In an active target, the
detector gas also acts as target. Such a setup has, in
principle, an angular coverage close to 4#, a low energy
threshold and a large effective target thickness. In this
Letter we report on the first measurement of the GMR
and the GQR with a radioactive beam using this new
experimental technique.

In the domain of secondary beams, the active target
archetype is the detector IKAR [17] which was used at
the GSI facility. The Maya target, developed at GANIL for
the lower-energy domain [16], can be characterized as a
28# 26# 20 cm3 time and charge projection chamber.
The electrons from the ionization of the gas by particles
drift down the electric field to amplifying wires set parallel
to the beam. For a two-body reaction, scattered and recoil-
ing particles are in a plane that can be determined by the
drift time to the wires. The amplified signal is induced on
the anode, a matrix of 35# 34 pads connected to Gassiplex
[18] chips. A hexagonal structure was chosen for these
pads in order to have the best conditions for the recon-
struction of the projected recoil trajectory, independent of
the recoil direction.

The secondary 56Ni beam at 50A MeV ($0:5% energy
spread) was produced at the GANIL facility by fragmen-
tation of 58Ni at 75A MeV on a 70:5 mg=cm2 C target
located in the SISSI [19] device and purified by passing
through a 135 mg=cm2 Al degrader placed between the
two dipoles of the Alpha fragment separator before being
sent to the SPEG area. The Maya target was placed on the
focal plane of the SPEG spectrometer [20], which was used
to purify the beam, so only 56Ni27% was transmitted. Two
plates were added above and below the beam trajectory in
the Maya target to prevent the highly ionizing beam parti-
cles from inducing charges. However, due to the angular
spread of the beam, some noninteracting 56Ni ions were
detected. This limited the beam intensity that could be used
to 5# 104 pps, while 106 pps of 56Ni were available.

The Maya active target was filled with deuterium gas, at
a pressure of 1050 mbar, forming a pure deuterium target
of 1:6 mg=cm2 (equivalent to a target of 6:3 mg=cm2 of
CD2). It should be noted that !-particle scattering, which
would be the preferred probe for the GMR, could not be

undertaken because the detector, like any gaseous detector,
sparked when filled with pure He. As pointed out above,
reverse kinematics generate recoil particles in a large
energy domain. High energy light particles such as deuter-
ons with E & 2 MeV were not stopped in the Maya gas
volume. For such escaping particles, we added ancillary
500 "m Si detectors outside the active volume covering
from 10 to 60 degrees around the beam direction for events
occurring at the center of the detector. For normalization
purposes the beam was counted in a polycrystalline dia-
mond detector of 1 cm2 surface and 100 "m thickness,
after traversing the Maya target.

For each event two physical observables are determined
in order to reconstruct the kinematics of the reaction: the
energy and the angle of the recoil. The recoiling angle in
the horizontal plane is reconstructed by a linear least
squares fit of the positions of the pads hit with a weight
proportional to the amount of charge deposited. In order to
obtain a reliable trajectory, at least 10 pads with nonzero
charges were required corresponding to 5 cm long trajec-
tories, which introduced an effective deuteron threshold of
700 keV. The reaction plane is determined from the drift
times of the electrons toward the anode wires. The inter-
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FIG. 1 (color online). Top: Scatter plot of recoiling deuteron
energy versus scattering angle in the laboratory frame for the
56Ni beam. The lines correspond to elastic scattering and the 14–
22 MeV excitation energy of 56Ni. The c.m. angles ares denoted
by squares along these lines, with 1! step, starting from 0! for
the lowest deuteron energy. Bottom left: geometrical efficiency
of the detection setup in the c.m. frame. Bottom right: 56Ni
excitation energy spectrum deduced from the deuteron kinemat-
ics and corrected for geometrical efficiency. The background that
was subtracted is shown by the solid line. The inset shows the
background subtracted inelastic data fitted with Gaussian distri-
butions located at 16.5 and 19.5 MeV for the GQR and the GMR,
respectively, (see text).

PRL 100, 042501 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
1 FEBRUARY 2008

042501-2

des résonances ne variant pas en fonction de l’angle de di�usion, ces paramètres
sont fixés. Les seuls paramètres libres lors de la procédure d’ajustement sont les
amplitudes des gaussiennes qui doivent, en principe, refléter l’évolution des dis-
tributions angulaires correspondantes. En e�et, les calculs théoriques prédisent
que le mode L=0 domine le spectre aux petits angles de di�usion tandis que
le mode L=2 est sensiblement constant en fonction de l’angle centre de masse.
L’analyse des quatre spectres expérimentaux, présentés sur la figure 4.3, confirme
cette tendance : alors que la hauteur de la gaussienne de basse énergie est com-
parable d’un spectre à l’autre, celle de haute énergie chute nettement entre 3.5
et 6.5 deg, où elle est totalement absente.

Fig. 4.4 – Distributions angulaires expérimentales et théoriques des résonances
géantes monopolaire et quadrupolaire. Les points expérimentaux ont été obtenus
en analysant les spectres en énergie d’excitation du 56Ni par deux gaussiennes,
centrées en 16.5 et 19.5 MeV et par un fond (étoiles).

Afin d’être plus quantitatif, la section e�cace de chaque gaussienne a été
calculée aux di�érents angles de di�usion considérés. La figure 4.4 montre les dis-
tributions angulaires obtenues. Ces distributions possèdent chacune quatre points
correspondant aux quatre spectres analysés. La section e�cace du fond, calculée
entre 11 et 22 MeV, est également représentée. Les barres d’erreurs comportent
l’erreur statistique qui induit une incertitude sur l’amplitude des gaussiennes ob-
tenues par ajustement. L’incertitude induite par le fond n’est pas prise en compte.

83

J. Gibelin RCNP 2011 July 8, 2011 24 / 29

C. Monrozeau et al., Phys. Rev. Lett. 100, 042501 (2008)

2005

ISGMR

56Ni + d → d’ + 56Ni*
50 MeV/nucleon

SPEG + MAYA @GANIL

56Ni

E*(56Ni)ISGMR = 19.3 ± 0.5  MeV
EWSR(56Ni)ISGMR = 136 ± 27 %

M. Vandebrouck – ESNT 11/2024
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56Ni 68Ni

GMR results in unstable nuclei using MAYA

68Ni + d → d’ + 68Ni*
68Ni + a → a’ + 68Ni*

50 MeV/nucleon LISE + MAYA @GANIL

M. Vandebrouck et al., Phys. Rev. Lett. 113, 032504 (2014)
M. Vandebrouck et al., Phys. Rev. C. 92, 024316 (2015)
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56Ni 68Ni

GMR results in unstable nuclei using MAYA

68Ni + d → d’ + 68Ni*
68Ni + a → a’ + 68Ni*

50 MeV/nucleon LISE + MAYA @GANIL

M. Vandebrouck et al., Phys. Rev. Lett. 113, 032504 (2014)
M. Vandebrouck et al., Phys. Rev. C. 92, 024316 (2015)
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56Ni 68Ni

GMR results in unstable nuclei using MAYA

56Ni + a → a’ + 56Ni*
50 MeV/nucleon

LISE + MAYA @GANIL

E*(56Ni)ISGMR = 19.1 ± 0.5  MeV
EWSR(56Ni)ISGMR = 240 ± 120 %

S. Bagchi et al., Phys. Lett. B 751, 371 (2015)

θCM [deg]

dσ
/d

Ω
 [m

b/
sr

]2011 56Ni
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And now …

M. Vandebrouck – ESNT 11/2024
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56Ni 68Ni

GMR results in unstable nuclei using active targets

Active targets are suited for ISGMR measurement in unstable nuclei 

Limitations of the MAYA  detection setup (energy and angular resolutions for low-energy recoiling particles)

Development of several active targets in the world  (ACTAR at GANIL, AT-TPC in US, CAT active target in Japan…)
Three recent experiments dedicated to the study of GMR in unstable nuclei (on going analysis)

+

-

58,68Ni + a → a’ + 58,68Ni*

37

70Ni + a → a’ + 70Ni* 2016 132Sn + d → d’ + 132Sn*2019

Courtesy T. Roger See S. Ota’s talk @COMEX6

CATAT-TPC

2020

See T. Ahn’s talk @ECT* in 2022

M. Vandebrouck – ESNT 11/2024
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GMR results in unstable nuclei using storage rings

38

Ø Storage ring, an alternative to active target
The experimental method:
• Stored-beam technique using Experimental heavy-ion

Storage Ring (ESR) at GSI high luminosity
• Gas-jet target of helium
• Windowless detector array placed inside the ring

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

Ø Proof of principle in stable 58Ni
Showing that measurement at very low angle in the center
of mass is possible
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Conclusion

Ø Giant resonances can be complicated studies due to 
original experimental setups used and analysis procedures 

Ø Past 2 decades provide pioneering results like first GMR 
measurement in unstable nuclei, first attempt to 
understand the collectivity of the PDR  ….

Ø Promising future opportunities thanks to the next 
generation facilities 

Ø Final message: working together with theorists (structure 
and reaction!) is of paramount importance for these 
studies 

M. Vandebrouck – ESNT 11/2024

Thank you !


