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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.
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Changes
in	nuclear	structure
far	from	stability

● Shell	evolution
towards	78Ni

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

S.	Franchoo et	al.,	PRL	81	(1998)	3100 K.	Flanagan	et	al.,
PRL	103	(2009)	142501

3/2 5/2

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

● Migration	of	πf7/2,	πf5/2
as	νg9/2 is	filled
(tensor	interaction)

f5/2

f7/2

proton neutron

g9/2

K.	Sieja,	F.	Nowacki,	
PRC	81 (2010)	061303(R)

T.	Otsuka,	et	al.,	
PRL	104	(2010)	012501
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Shell	evolution	towards	78Ni

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

● Migration	of	πf7/2,	πf5/2
as	νg9/2 is	filled
(tensor	interaction)

10.1. Details of present shell-model calculations

Instead of examining the result peak by peak it could be also interesting to look at the
cumulated strength by range of 2 MeV as we can see in figure 10.5. On the one hand we
clearly see that we experimentally miss the strength above 4.5 MeV and on the other hand
the calculation does not reproduce the experimental strength below 2 MeV. One should
note, that due to the complexity of present shell-model calculations, the strength function
distributions were obtained at 8p�8h truncation, using Lanczos strength function method
with 60 iterations. We have however checked that the wave function of the starting pivot
used in this calculation, i.e. the ground state of 70Zn, change conspicuously between
8p� 8h and 10p� 10h. In particular, the proton occupancy of the f7/2 orbit drops from
7.50 particles at 8p � 8h to only 7.34 particles at 10p � 10h. One can thus expect that
more f7/2 strength would be located at lower energy if the calculations of strength function
distributions would be feasible in a larger configuration space.
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Figure 10.3: Comparison between the experimental results (bottom) and the theoretical
calculation (top) for 69Cu where the position in energy of the states are plotted with the
associated spectroscopic factor
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69Cu

Chapter 10. Results and discussion
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Figure 10.7: Comparison between the experimental results (bottom) and the theoretical
calculation (top) for 71Cu where the position in energy of the states are plotted with the
associate spectroscopic factor

10.2 Monopole migration in Copper isotopes

10.2.1 Evolution of effective-single-particle energies

In figure 10.10 we can see the evolution of the proton ESPE (defined in section 1.2.4)
from the interaction used in this work. As we see, the interaction predicts the inversion
between ⇡p3/2 and ⇡f5/2 orbitals at the end of the neutron filling. One can see that the
energy difference between ⇡f7/2 and ⇡p3/2 is stable between N = 40 and N = 50. The
monopole term of the interaction seems to act in a similar manner between those two
orbitals with the addition of neutrons in the ⌫g9/2 orbitals. However there is a diminution
of the spin-orbit gap between ⇡f7/2 and ⇡f5/2. We see that for N = 40 and N = 42 the
Z = 28 gap that corresponds to the energy separation between ⇡p3/2 and ⇡f7/2 orbitals

154

10.1. Details of present shell-model calculations

Instead of examining the result peak by peak it could be also interesting to look at the
cumulated strength by range of 2 MeV as we can see in figure 10.5. On the one hand we
clearly see that we experimentally miss the strength above 4.5 MeV and on the other hand
the calculation does not reproduce the experimental strength below 2 MeV. One should
note, that due to the complexity of present shell-model calculations, the strength function
distributions were obtained at 8p�8h truncation, using Lanczos strength function method
with 60 iterations. We have however checked that the wave function of the starting pivot
used in this calculation, i.e. the ground state of 70Zn, change conspicuously between
8p� 8h and 10p� 10h. In particular, the proton occupancy of the f7/2 orbit drops from
7.50 particles at 8p � 8h to only 7.34 particles at 10p � 10h. One can thus expect that
more f7/2 strength would be located at lower energy if the calculations of strength function
distributions would be feasible in a larger configuration space.

E (MeV)
0 2 4 6 8 10

S
F

0

1

2

3

4

5

6

7

8 SM
3/2

p
5/2f
7/2f

 centroid7/2f

E (MeV)
0 2 4 6 8 10

S2
C

0

1

2

3

4

5

6

7

8 Exp
3/2

p
5/2f
7/2f

 centroid7/2f

Figure 10.3: Comparison between the experimental results (bottom) and the theoretical
calculation (top) for 69Cu where the position in energy of the states are plotted with the
associated spectroscopic factor

149

10.1. Details of present shell-model calculations

Instead of examining the result peak by peak it could be also interesting to look at the
cumulated strength by range of 2 MeV as we can see in figure 10.5. On the one hand we
clearly see that we experimentally miss the strength above 4.5 MeV and on the other hand
the calculation does not reproduce the experimental strength below 2 MeV. One should
note, that due to the complexity of present shell-model calculations, the strength function
distributions were obtained at 8p�8h truncation, using Lanczos strength function method
with 60 iterations. We have however checked that the wave function of the starting pivot
used in this calculation, i.e. the ground state of 70Zn, change conspicuously between
8p� 8h and 10p� 10h. In particular, the proton occupancy of the f7/2 orbit drops from
7.50 particles at 8p � 8h to only 7.34 particles at 10p � 10h. One can thus expect that
more f7/2 strength would be located at lower energy if the calculations of strength function
distributions would be feasible in a larger configuration space.

E (MeV)
0 2 4 6 8 10

S
F

0

1

2

3

4

5

6

7

8 SM
3/2

p
5/2f
7/2f

 centroid7/2f

E (MeV)
0 2 4 6 8 10

S2
C

0

1

2

3

4

5

6

7

8 Exp
3/2

p
5/2f
7/2f

 centroid7/2f

Figure 10.3: Comparison between the experimental results (bottom) and the theoretical
calculation (top) for 69Cu where the position in energy of the states are plotted with the
associated spectroscopic factor

149

71Cu

P.	Morfouace et	al.,	PRC	93	(2016)	064308 P.	Morfouace et	al.,	PLB	751	(2015)	306
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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

Which	observables
to	characterise	these	states?

Figure:	T.	Cocolios (2010)

186Pb

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

spherical/weakly	oblate

deformed	(prolate) Hg	isotopes
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Shape	coexistence:	a	general	occurrence?

K.	Heyde and	J.	L.	Wood,	Rev.	Mod.	Phys.	83,	1467	(2011)

● Link	collective	properties	
with	single-particle	structure

● Shell-model	picture:
position	of	shells	is	crucial

● Far	from	stability:
monopole	migration	from	
underlying	NN	forces

● We	need	both	collective
and	single-particle	probes
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Single-particle	structure	and	collectivity

68Ni
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Single-particle	structure	and	collectivity

68Ni

“Type	II”	shell	evolution
● In	excited	states,	the	different	

occupancies	drive	the	variations
in	the	shell	gaps…

● which	may	favour collectivity…
● which	modifies	energy	levels	even	

further
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The	n-deficient	Pb region

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!

→	nucleon-transfer

measurements
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The	n-deficient	Pb region
T	Otsuka	and	Y	Tsunoda,	2017

Hg
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The	n-deficient	Pb region
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1-n	transfer	in	Hg

● 185g,mHg	(d,p) and	(p,d)

● Beam	intensity	≈	105 pps →	feasible!
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The	n-deficient	Pb region

1-n	transfer	in	Hg

● 185g,mHg	(d,p) and	(p,d)

● Beam	intensity	≈	105 pps →	feasible!

(d,p)186Hg	10	MeV/nucleon,		Q-value	+8.2	MeV up	to	50	deg in	cm

186Hg	gs

2+1,	0+2,	2+2
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The	n-deficient	Pb region

1-n	transfer	in	Hg

● 185g,mHg	(d,p) and	(p,d)

● Beam	intensity	≈	105 pps →	feasible!

(p,d)184Hg	10	MeV/nucleon,		Q-value	–5.7	MeV

up	to	80	deg in	cm

2+1,	0+2,	2+2

184Hg	gs
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Problem:	density	of	states	

Importance	of	!-ray	detection
● Transition	probabilities

● Energy	resolution	from	coincidences

● Build	the	decay	scheme

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

Trifoil gated

Decays straight to the 
ground state

25Na(d,p)

66Ni(d,p)
G.	Wilson	et	al.,	PLB 759,	417	(2016)
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Method:	active	target	+	!-ray	array

Challenges
● Good	efficiency…
● …keeping	a	sufficient	resolution
● Integration	of	detectors

→	Choices
● Active	target
● Magnetic	field	parallel

to	beam	direction
to	confine	emitted	particles
and	minimize	absorbing	material

● !-ray	detection:	scintillators
CeBr3 with	SiPM
GET	electronics	(?)
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SpecMAT

!

3He

71Cu 72Zn

D2

Figures	by	O.	Poleshchuk

Features
● Parallel-field	configuration

→	attenuation	of	problems	
related	to	the	heavy	beams

● Beam	should	NOT	be	stopped
● (d,3He)	better	efficiency
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SpecMAT

Development	and	status
● See	Oleksii’s talk	today	17:45

● The	magnet:	a	long	story…
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SpecMAT:	ISS
P	Butler,	S	Freeman,	R	Page,	RR

Liverpool,	Manchester,	Daresbury,	Leuven● …with	a	happy	end
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SpecMAT:	ISS

110cm
40
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~2.47T

center

bore

Magnetic	field	vector	projection	 on	x-y	plane	
(view	from	top	of	the	solenoid)

Magnetic	field	strength
at	0	degree	(horizontal)

Equivalent	to	distance
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re
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● Field	mapping	and	beam	tests
successfully	completed
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Summary

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

The	research	leading	to	these	results	has	received	funding	from	the
European	Research	Council	under	the	European	Union's	Seventh
Framework	Programme (FP/2007-2013)	/	ERC	Grant	Agreement	n.	617156

● Exciting	physics	with	heavy	beams
- shell	evolution	towards	78Ni
- shape	coexistence	in	n-deficient	Pb region

● Scintillation	detectors	purchased,	prototype	delivered
● Chamber	design	in	progress
● GET	electronics	(2000	channels)	acquired


