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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH 
 
 

Letter of Intent to the  
ISOLDE and Neutron Time-of-Flight Experiments Committee 

for experiments with HIE-ISOLDE 
 

Direct and resonant reactions using an Active Target 
H. Álvarez-Pol1, J. Benlliure1, M. J. G. Borge2, M. Caamaño1, D. Cortina-Gil1, M. Freer3, B. R. Fulton4, 

H. O. U. Fynbo5, B. Jonson6, E. Kahn7, A. M. Laird4, R. Lemmon8, I. Martel9, L. Nalpas10,  
T. Nilsson5, G. Nyman5, C. Petrache6, E. Pollacco10, R. Raabe11, K. Riisager4, T. Roger11,  

P. Roussel-Chomaz12, H. Savajols12, O. Tengblad2, and the ACTAR collaboration* 
1 Universidad de Santiago de Compostela, E-15706 Santiago de Compostela, Spain ● 2 Instituto de Estructura de 
la Materia, CSIC, E-28006-Madrid, Spain ● 3 School of Physics and Astronomy, University of Birmingham, B15 
2TT, United Kingdom ● 4 Department of Physics, University of York, Heslington York YO10 5DD, United 
Kingdom ● 5 Department of Physics and Astronomy, University of Aarhus, DK-8000 Aarhus C, Denmark ● 
6 Fundamental Physics, Chalmers University of Technology, S-412 96 Göteborg, Sweden ● 7 Institut de Physique 
Nucléaire, IN2P3-CNRS and Université Paris-Sud, F-91406 Orsay Cedex, France ● 8 STFC Daresbury Labora-
tory, Daresbury, Warrington, Cheshire, WA4 4AD, United Kingdom ● 9 Universidad de Huelva, E-21071 Huelva, 
Spain ● 10 CEA-Saclay, DSM/IRFU SPhN, F-91191 Gif sur Yvette Cedex, France ● 11 Instituut voor Kern- en 
Stralingsfysica, K.U.Leuven, B-3001 Leuven, Belgium ● 12 GANIL, F-14076 Caen Cedex 05, France 

Spokesperson: R. Raabe (raabe@kuleuven.be) 
Contactperson: T. Stora (thierry.stora@cern.ch) 

Abstract 
We propose to use an active-target detector to perform reaction studies at 
HIE-ISOLDE. The performances of the new-generation instrument, ACTAR, 
will allow its use with the unique post-accelerated beams of ISOLDE provid-
ing spectroscopic information on the most exotic systems. 

1. Introduction 
Radioactive ion beams have become an essential tool in low-energy experimental nuclear physics. 
Because of their limited intensity, such beams require detection devices having a high efficiency and 
good angular resolution. The use of thick solid foils to increase luminosity leads quickly to significant 
losses in energy resolution and a high detection threshold. 
The idea of an active target, based on a gaseous ionization detector where the nuclei of the gas atoms 
are also the target nuclei, overcomes most of these difficulties. Gaseous detectors potentially have a 
very good geometric efficiency, a low detection threshold and excellent tracking capabilities (allow-
ing the measurement of angular distributions). They have possibilities in particle identification; and a 
large target thickness is possible without losing in resolution. In case of short-living or unbound reac-
tion products, the decay and its products can be detected in the gas volume itself. Exploiting the en-
ergy loss of the incident beam in the gas, excitation functions can be obtained for selected reactions 
with a single tuning of the accelerator. First-generation instruments such as the IKAR detector [1], 
MAYA [2] and the CENBG TPC [3] have obtained motivating results both in reaction [1,4-7] and 
decay [8] measurements. The active target detector of the new generation (ACTAR) [9,10] will im-
prove on the limitations of present instruments in terms of dynamic range, event multiplicity and 
event rate. At HIE-ISOLDE, ACTAR can be used for the investigation of the most exotic systems, at 
the edge of experimental possibilities. 
 
* GANIL Caen, IRFU Saclay, CENBG Bordeaux, IPN Orsay, LPC Caen, GSI Darmstadt, Andrzej Soltan Insti-
tute Warsaw, Ion Laboratory – Warsaw University, Henryk Niewodniczahski Institute Krakow, University of 
Santiago de Compostela, University of Huelva, STFC Daresbury, University of Surrey, University of Birming-
ham, University of Edinburgh, University of Liverpool, University of York, K.U.Leuven, ISOLDE, NSCL MSU 
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Time-Projection Chamber (TPC)
+ gas is the target
● Full 3D track reconstruction
● High luminosity,

keeping energy resolution
● Energy of stopped particles

Particle identification
● Versatile:

different gases, pressures, configurations
ancillary detectors
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SpecMAT:
● Magnetic field parallel to the beam direction
● Drift field parallel to magnetic field
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The active-target method

J. Diriken et al., PLB 736, 533 (2014)
J. Diriken et al., PRC 91, 054321 (2015)

`

!-ray detection
● CeBr3 scintillators:

good efficiency and resolution

● Si photomultipliers
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Physics goals

Raabe Part B1 SpecMAT

European Research Council

ERC Consolidator Grant 2013
Research proposal [Part B1]1

Spectroscopy of exotic nuclei
in a Magnetic Active Target

SpecMAT

- Principal investigator (PI): Riccardo Raabe
- Host institution for the project: KU Leuven
- Title: Spectroscopy of exotic nuclei in a Magnetic Active Target
- Acronym: SpecMAT
- Proposal duration: 60 months

Proposal summary

SpecMAT aims at providing crucial experimental information to answer key questions about the structure
of atomic nuclei:

• What are the forces driving the shell structure in nuclei and how do they change in nuclei far from
stability?

• What remains of the Z = 28 and N = 50 “magic numbers” in 78Ni?
• Do we understand shape coexistence in nuclei, and what are the mechanisms controlling its appearance?

The position of natural and “intruder” shells will be mapped in two critical regions, the neutron-rich nuclei
around Z = 28 and the neutron-deficient nuclei around Z = 82. The centroids of the shell strength are derived
from the complete spectroscopy of those systems in nucleon-transfer measurements. This method will be
applied for the first time in the region of neutron-deficient Pb nuclei.

In SpecMAT (Spectroscopy of exotic nuclei in a Magnetic Active Target) a novel instrument will overcome
the present challenges in performing such measurements with very weak beams of unstable nuclei. It com-
bines high luminosity, high efficiency and a very large dynamic range and allows detection of both charged-
particle and g-ray radiation. The instrument owns its remarkable performances to a number of advanced tech-
nologies concerning the use of electronics, gaseous detectors and g-ray detectors in a magnetic field.

The SpecMAT detector will be coupled to the HIE-ISOLDE facility for the production and post-acceleration
of radioactive ion beams in construction at CERN in Geneva. HIE-ISOLDE will provide world-unique beams
thanks to the use of the proton injector of the CERN complex.

If successful, SpecMAT at HIE-ISOLDE will produce specific results in nuclear structure which cannot be
reached by other programmes elsewhere. Such results will have a significant impact on the present theories and
models of the atomic nucleus.

1Instructions for completing Part B1 can be found in the Guide for Applicants for the Consolidator Grant 2013 Call.
1

Changes
in nuclear structure
far from stability

● Shell evolution
towards 78Ni

● Shape coexistence
“west” of 208Pb
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Shell evolution towards 78Ni

K. Flanagan et al.,
PRL 103 (2009) 142501

● Migration of πf7/2, πf5/2
as νg9/2 is filled
(tensor interaction)
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Shell evolution towards 78Ni

K. Flanagan et al.,

PRL 103 (2009) 142501

● Migration of πf7/2, πf5/2

as νg9/2 is filled

(tensor interaction)

C
ER

N
-I

N
TC

-2
01

7-
05

9
/

IN
TC

-I
-1

91
01

/0
6/

20
17

 

1 

 

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH 
 
Letter of Intent to the ISOLDE and Neutron Time-of-Flight Committee 

(Following HIE-ISOLDE proposal INTC-P-495) 

Single-particle proton states in 69Cu 
 

May 31st, 2017 
 

O. Poleshchuk1, R. Raabe1, M. Babo1, P.A. Butler2, S. Ceruti1, H. De Witte1, 
B. Fernandez-Dominguez3, F. Flavigny4, S. Franchoo4, S.J. Freeman5, L. Gaffney6, G.F. Grinyer7, 
M. Labiche8, A.T. Laffoley9, T. Marchi1, R.D. Page2, A.A. Raj1, M. Renaud1, F. Renzi1, T. Roger9, 

D.K. Sharp5, J.A. Swartz10, J. Yang1, 11 

1KU Leuven, Instituut voor Kern- en Stralingsfysica, Celestijnenlaan 200D, 3001 Leuven, Belgium 
2Oliver Lodge Laboratory, University of Liverpool, Liverpool, L69 7ZE, UK 

3Universidade de Santiago de Compostela, 15706 Santiago de Compostela, Spain 
4Institut de Physique Nucléaire Orsay, CNRS/IN2P3, Université Paris-Sud, Université Paris-Saclay, 91406 Orsay, France 

5School of Physics and Astronomy, The University of Manchester, Manchester, M13 9PL, UK 
6ISOLDE, CERN, CH-1211 Geneva 23, Switzerland 

7Department of Physics, University of Regina, Regina, SK S4S 0A2, Canada 
8STFC Daresbury Laboratory, Daresbury, WA4 4AD Warrington, UK 

9Grand Accélérateur National d’Ions Lourds (GANIL), CEA/DRF-CNRS/IN2P3, Bvd Henri Becquerel, 14076 Caen, 
France 

10Aarhus University, Department of Physics and Astronomy, DK-8000 Aarhus C, Denmark 
11Physique Nucleaire Théorique, Université Libre de Bruxelles, B-1050 Bruxelles, Belgium 

 
Spokespersons: O. Poleshchuk, R. Raabe  

(oleksii.poleshchuk@kuleuven.be, riccardo.raabe@kuleuven.be) 
Local contact: L. Gaffney (liam.gaffney@cern.ch) 

 
Abstract: We propose to probe single-particle proton states in the 69Cu isotope with a stable beam of 

70Zn via the 70Zn(d,3He)69Cu transfer reaction. The proton orbitals in this Cu isotope should 
experience no tensor force from the Q1g9/2 neutron orbital, thus setting the initial position in the 
evolution of the proton 1f7/2-1f5/2 spin-orbit partners along the Cu isotopic chain towards more 

neutron-rich isotopes. The cross sections for excited states, the spins of the states and the 
spectroscopic factors will be measured for the states populated by the transfer reaction. Our main 
aim is the measurement of the S1f7/2 strength in 69Cu which was not previously observed. We will 
employ the SpecMAT active target and benchmark its performances by comparing with existing 

results.  
 
Requested shifts: 70Zn at 10 MeV/u, 5 days 
Beamline: 2nd beamline, ISOLDE Solenoidal Spectrometer (ISS) 

LOI I-191

Proposal P-495: 72,74,76Zn(d,3He)
to directly measure the f7/2-f5/2 gap
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Shell evolution and shape coexistence

68Ni

Y Tsunoda, T Otsuka et al., PRC 89 (2014) 031301
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Shell evolution and shape coexistence

68Ni

Y Tsunoda, T Otsuka et al., PRC 89 (2014) 031301

Bormio 22-28/02/2016Riccardo	Raabe (KU	Leuven)

Shape	Coexistence 68Ni β-decay Transfer Outlook/Summary

Type-II	shell	evolution

3.2. Shell evolution due to tensor force

The tensor force has been known for a long time, and its effects were studied from many
angles. Those studies include an extraction of the tensor-force component in the empirical
nucleon–nucleon interaction by Schiffer and True [15], a derivation of microscopic effective
NN interaction (i.e., the so-called ‘G-matrix interaction’) including second-order effects of the
tensor force by Kuo and Brown [16], calculations of magnetic moments also including
second-order tensor-force contributions by Arima and his collaborators [17] and by Towner
[18], and so-called TOSM calculations of halo nuclei [19].

The robust, systematic and first-order effects of the tensor force on the shell structure
have, however, been discussed since 2005 [7]. We present the basic properties of the
monopole interaction of the tensor force, by using an illustrative example. Figure 1(a) shows
proton orbits and a neutron orbit. The proton orbits are spin-orbit partners

j l j l1 2, 1 2 5( )= + = -> <

where l denotes the orbital angular momentum, and 1/2 represents the spin. As shown in [7]
with an intuitive picture, the coupling between j< and j ¢> orbits is attractive for the tensor
force. On the other hand, the coupling between j> and j ¢> is repulsive as well as the coupling
between j< and j ¢<. (For a more elaborate intuitive explanation, see [20].) In figure 1(a), a
neutron j ¢> orbit is shown on top of the core. Figure 1(b) illustrates how the tensor force works
if two neutrons occupy this j ¢> orbit. Due to the repulsive monopole interaction (red wavy
line), the single-particle energy of the proton j> orbit is raised. On the other hand, owing to
the attractive monopole interaction (blue wavy line), the single-particle energy of the proton
j< orbit is lowered. These changes combined produce the reduction of spin-orbit splitting.

Since the monopole effect is linear, four neutrons in the j ¢> orbit as shown in figure 1(c)
double the effect exhibited in figure 1(b). Thus, the proton spin-orbit splitting becomes
smaller and smaller, as more neutrons occupy the j ¢> orbit.

Figure 1. Illustration of the type I and II shell evolutions. Wavy lines indicate tensor
force. Closed (open) circles denote neutron particles (holes).

J. Phys. G: Nucl. Part. Phys. 43 (2016) 024009 T Otsuka and Y Tsunoda

5

T.	Otsuka	and	Y.	Tsunoda,	 JPG	43	(2016)	024009

● Type-I	shell	evolution:

number	of	nucleons	in	

different isotopes

● Type-II	shell	evolution:

occupancies	within	the	

same	nucleus

● From	Ni	to	n-deficient	

Pb region…

we	need	information

on	energy	gaps!
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The n-deficient Pb region
B A Marsh et al., Nature Physics (2018)

Hg
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The n-deficient Pb region

Transfer reactions in Hg
● 185g,mHg (d,p), (p,d), (α,3He)
● Beam intensity ≈ 105 pps → feasible!

Data: NNDC, figure courtesy of Liam Gaffney
Original figure in R. Julin et al.,
J. Phys. G 27 (2001) R109

Bormio 22-28/02/2016Riccardo	Raabe (KU	Leuven)

Shape	Coexistence 68Ni β-decay Transfer Outlook/Summary

Shape	coexistence

● States	characterised	by	different	shapes	
appear	at	low	excitation	energy

● Example:	n-deficient	Pb region
186Pb	triple-shape	coexistence
Hg	nuclei:	“parabolic	intrusion”	at	mid-shell

A.	Andreyev	et	al.,	Nature	405	(2000)	430

186Pb

Data:	NNDC,	figure	courtesy	of	L.	Gaffney
Original	figure	in	R.	Julin et	al.,	J.	Phys.	G	27	(2001)	R109
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The n-deficient Pb region

Transfer reactions in Hg
● 185g,mHg (d,p) and (p,d)
● Beam intensity ≈ 105 pps → feasible!

Data: NNDC, figure courtesy of Liam Gaffney
Original figure in R. Julin et al.,
J. Phys. G 27 (2001) R109
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● Example:	n-deficient	Pb region
186Pb	triple-shape	coexistence
Hg	nuclei:	“parabolic	intrusion”	at	mid-shell

A.	Andreyev	et	al.,	Nature	405	(2000)	430

186Pb

Data:	NNDC,	figure	courtesy	of	L.	Gaffney
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Investigating single-particle configurations  
in deformed Hg and Cd isotopes 

 
 
 
 

31/05/2017 
 
 

M. Babo1, R. Raabe1, S. Ceruti1, A. Gottardo2, L. Gaffeny3, G.F. Grinyer4, A.T. Laffoley4,  
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5Physique Nucleaire Théorique, Université Libre de Bruxelles, B-1050 Bruxelles, Belgium 
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        Riccardo Raabe (Riccardo.raabe@kuleuven.be) 

Contact person: Liam Gaffney (liam.gaffney@cern.ch) 
 
 
 
 

 
 
Estimated beam time: about 4 days, split into 1 day for 194Hg and 3 days for 109-113Cd  
Beamline: XT02 (ISS/SpecMAT) or XT03 (ACTAR TPC) 
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Study of the Pigmy Dipole Resonance

Low-energy dipole strength
● First observation in 1961
! 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

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

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

isoscalar

isoscalar+
isovector
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Study of the Pigmy Dipole Resonance

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

Core in phase
+neutron skin

PDR
IVGDR
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Study of the Pigmy Dipole Resonance

● Isoscalar probe:

(α,α’) inelastic scattering

● SpecMAT:

! rays from decay of bound states

● Cases: 90Sr, 194Hg, 146,148,150Gd

≈10 MeV/nucleon
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Status

Design: O. Poleshchuk, KU Leuven
● GET Electronics (2048 channels): 

purchased and commissioned

● Pad plane and field cage
designed in CERN (EP-DT-DD MPT)
to be ordered shortly

● Chamber finalized
and ordered

● Scintillators + SiPMs purchased,
commissioning ongoing
48x48x48 mm3

Photopeak efficiency 8% at 1 MeV
Nominal resolution 3.9% at 661 keV
No degradation in 3-T magnetic field
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48x48x48 mm3

Photopeak efficiency 8% at 1 MeV
Nominal resolution 3.9% at 661 keV
No degradation in 3-T magnetic field
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electric field, mechanical stress, gas flow
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Installation

● Installation through a platform
and rails from the back of the ISS

● Cables (8m) running to the
electronics racks
outside the cage

● To be coordinated
with the installation
of the new ISS array
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Planning

January – March 2019:
characterisation of the full system
● Characterisation of the !-ray array
● Leak tests of the detector chamber
● Commissioning of the gas control system
● Tests of the electric field cage
● Characterisation of particle tracks

2019 Move to CERN
● Safety clearance
● Installation 
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Summary

Thanks to the SpecMAT team!
A. Arokja Raj, H. De Witte, O. Poleshchuk, J. Refsgaard, M. Renaud, J. Yang
With us in the past: S. Ceruti, M. Babo, T. Marchi, C. Swartz
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