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moving	up	in	the	chart	of	nuclei
Reactions	and	decay

● Development	of	new	instruments
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Nuclear	reactions

● A	nucleus	𝑋 collides	with	a	probe	𝑎 (particle,	g-ray).
In	the	collision	they	exchange	energy,	momentum
and	possibly	mass
As	a	result	we	obtain	a	product	nucleus	𝑌 and
some	outgoing	radiation	𝑏 (particle,	g-ray)

𝑎 + 𝑋 → 𝑏 + 𝑌

● Alternative	notation:

𝑋 𝑎, 𝑏 𝑌

Puts	the	accent	on	the	process	(𝑎, 𝑏)

● Two	aspects:
- study	the	reaction	mechanism
- use	reactions	to	investigate	the	structure	of	nuclei	(→	use	simple	probes)

probe	𝑎
𝑋

𝑏

𝑌

Nuclear	reactions	– 1/3
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Types	of	reactions	(list	not	exhaustive)
● Elastic scattering:		𝑋 𝑎, 𝑎 𝑋 12C(p,p)12C					208Pb(n,n)208Pb

Always	present!

● Inelastic scattering:		𝑋 𝑎, 𝑎* 𝑋∗ 12C(p,p’)12C*			40Ca(α,α’)40Ca*

● Rearrangement	reactions:	(ex)change	of	mass
● Transfer reactions:

- stripping		𝑋 𝑎 + 𝑐 , 𝑎 𝑋 + 𝑐 12C(d,p)13C
- pick-up		 𝑋 + 𝑐 𝑎, 𝑎 + 𝑐 𝑋 12C(p,d)11C

● Knock-out reactions:		𝑋 𝑎, 𝑎𝑐 𝑌 12C(p,2p)11B

● Photo-disintegration:		𝑋 𝛾, 𝑎 𝑌 16O(g,α)12C

● Capture	reactions:		𝑋 𝑎, 𝛾 𝑌 14N(α,g)18F

● Combination	of	particles:	partition
● Partition	with	specified	excited	states:	channel
● Different	exit	channels	may	be	present	(open)	at	the	same	time

depending	on	conservation	principles

Nuclear	reactions	– 2/3
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Characteristics	of	direct	reactions

● Direct reactions:	inelastic	scattering,	transfer,	breakup
- Fast,	only	few	nucleons	involved
- Likely	to	occur	at	small	exit	angles	(peripheral)
- Time	scale		𝜏 ≪ 10233 s
- Modelled	as	one-step	processes

● Tend	to	probe	the	“valence”	nucleons
(depends	on	the	energy)

● Very	selective
Provide	information	about	the	similarity
between	initial	and	final	states

Nuclear	reactions	– 3/3
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Information	provided	by	reactions

● (all	reactions)
The	Q-value	(difference	in	kinetic	energies)
identifies	the	excitation	energy	of	the	populated	state

● (direct	reactions)
The	initial	and	final	spins	are	connected	through
the	transferred	angular	momentum,	which	can	be	measured

● (transfer	reactions)
The	cross	section	is	a	measure	of	the	weight
of	a	given	configuration	within	the	populated	state

Transfer	reactions	are	an	excellent	spectroscopic	probe:
they	measure	how	much	the	wave	function	of	a	particular	state	
may	be	described	by	a	single-particle	motion	within	the	nucleus	

Why	transfer	reactions	– 1/10
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Conservation	of	energy

● 𝐸5,6 + 𝑀6𝑐3 = 𝐸5,9 + 𝑀9𝑐3
where	the	masses	include	the	excitation	energy

● In	the	centre-of-mass	system:

𝐸5,6* + 𝑀6𝑐3 − 𝑀9𝑐3 = 𝐸5,9* > 0		 → 		𝐸5,6* > −𝑄

𝑄-value	for	the	(𝑖, 𝑓)	channel

● 𝑄 is	usually	calculated	through	the	mass	excess		𝛥 = 𝑀 − 𝐴 𝑐3

● In	the	laboratory	system:
𝑄 = 𝐸5,9 − 𝐸5,6
→	we	can	measure	𝑄 and	thus

identify	the	channel

Example:	40Ca(d,p)41Ca:
𝛥(40Ca)	=	–34846	keV
𝛥(41Ca)	=	–35138	keV
𝛥(d)	=	13136	keV
𝛥(p)	=	7289	keV
→	Q =	6139	keV =	6.139	MeV

Threshold
for	the	(𝑖, 𝑓)	channel

Why	transfer	reactions	– 2/10
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Conservation	of	angular	momentum	(and	parity)

● 𝐉C + 𝐉D + ℓF = 𝐉G + 𝐉H + ℓI
The	transferred	angular	momentum in		𝑎 + 𝐴 → 𝑏 + 𝐵
is	defined	as		𝐥 = ℓF − ℓI

● Transfer	reactions:		 𝑏 + 𝑥 + 𝐴 → 𝑏 + 𝐴 + 𝑥 with	𝑏 + 𝑥 = 𝑎,		𝐴 + 𝑥 = 𝐵
𝐥 = 𝐉H − 𝐉D + 𝐉G − 𝐉C
𝐥 = 𝐣DN − 𝐣GN
→	𝐥 = 𝐥DN − 𝐥GN

→	𝑙	is	constrained	by	the	binding	angular	momenta	
→	only	few	𝑙	participate	for	a	given	channel	

For	one-nucleon	transfers,	these	binding	angular	momenta
are	directly	given	by	the	shell-model	orbitals	(s,p,d,g…)

● Also,	for	a	given	channel	parity	must	be	conserved:
𝜋C𝜋D𝜋G𝜋H = −1 Q = −1 QRSTQUS

→	either	only	odd	𝑙 (change	of	parity)	or	only	even	𝑙 participate

𝐉C = 𝐉G + 𝐣GN
𝐣GN = 𝐥GN + 𝐣N 𝐉H = 𝐉D + 𝐣DN

𝐣DN = 𝐥DN + 𝐣N

Why	transfer	reactions	– 3/10
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How	to	measure	the	transferred	angular	momentum
Semi-classical	argument
● Reaction	takes	place	on	the	surface	of	the	target	nucleus
● Transferred	angular	momentum: 𝐥 = 𝐪×𝐑

where	𝐪 = 𝐤𝜶 − 𝐤𝜷 is	the	transferred	momentum
● For	a	given	populated	state	𝐪	is	fixed	in	magnitude

For	a	given	observation	angle	𝐤𝜷	is	fixed	in	direction
→	𝑙/𝑞 is	fixed	(angle	𝛽 between	𝑞 and	𝑅 is	fixed)
→	events	originate	on	two	rings	with	radius	𝑙/𝑞

● Conditions	on	the	observation	angle	𝜃
For	𝐪 ≪ 𝐤𝜶 ≈ 𝐤𝜷:	
- 𝑞 ≈ 𝑘c𝜃 (with	𝑘c = 𝑘F + 𝑘I /2 or	𝑘c = 𝑘F𝑘I� )
- 𝑙/𝑞 ≤ 𝑅 (reaction	on	the	surface)
we	find				

𝜃 ≥ 𝑙/𝑘c𝑅

● Also:	constructive	interference	for	2𝑅𝜃 = 𝑛𝜆 → 𝜃 ≈ 𝑛𝜋/𝑘c𝑅

𝐤F

𝐤I
𝜃

𝐪

Relation	between	the	transferred
angular	momentum	and	the	scattering	angle

𝐤I

𝐤I

𝐤F𝐤F

𝐪

𝐑

					

𝑙/𝑞

Why	transfer	reactions	– 4/10
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How	to	measure	the	transferred	angular	momentum

● First	maximum	for	𝜃 ≈ 𝑙/𝑘c𝑅

● Maxima	separated	by	∆𝜃 ≈ 𝜋/𝑘c𝑅

BL	Cohen	et	al,	Phys	Rev	126	(1962)	698

Why	transfer	reactions	– 5/10



Riccardo	Raabe – KU	Leuven International	School	of	Physics	“Enrico	Fermi”	– Varenna,	14-19/07/2017

Cross	sections
● Solution	of	the	scattering	problem

plane	wave	+	modulated	spherical	wave

𝜓 𝐫
m→n

𝑒6𝐤⋅𝐫 + 𝑓 𝜃, 𝜑 rstu

m

● Cross	section	𝑑𝜎/𝑑Ω ∝ 𝑓 𝜃, 𝜑 3

● Schrödinger	equation:
𝛻3 + 𝑘3 𝜓 𝐫 = 𝑈 𝐫 𝜓 𝐫
has	the	(formal)	solution

𝜓 𝐫
m→n

𝑒6𝐤⋅𝐫 − rstu

|}m ∫ 𝑒
26𝐤�⋅𝐫�𝑈 𝐫* 𝜓 𝐫* 𝑑𝑟*�

�
(various	ways	to	solve)

● For	a	transfer,	𝑈 𝐫 connects	the	initial	and	final	states:

𝑈 ≈ �𝜙C∗𝜙D∗𝑉𝜙G𝜙H𝑑𝜏
�

�

scattering	amplitude

Why	transfer	reactions	– 6/10
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Spectroscopic	factors

𝑈 ≈ ∫𝜙C∗𝜙D∗𝑉𝜙G𝜙H𝑑𝜏
�
� integral	on	the	internal	states

● The	important	part	is	the	overlap	between	𝜙D and	𝜙H
which	is	expressed	by	the	spectroscopic	factor (various	definitions)

● For	the	transfer	of	a	cluster	𝑥 one	assumes:		𝜙H = 𝜙D𝜙N QUS�US
and	calculates	the	cross	section	accordingly

● “Experimental”	spectroscopic	factors	can	then	be	obtained
as	ratio	of	the	measured	cross	section	to	the	calculated	one:

𝑑𝜎
𝑑Ω ���

= 𝑆 QUS�US ��

𝑑𝜎
𝑑Ω ���

The	spectroscopic	factor	is	a	measure	of	how	much	the	populated	state
contains	the	“pure”	cluster	(single-particle)	configuration

Why	transfer	reactions	– 7/10
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Spectroscopic	factors

HP	Block	et	al,	Nucl Phys	A	273	(1976)	142

● Spectroscopic	factors	are	obtained
from	cross	sections	(integral	of	the	peaks)

● Angular	distributions	are	fitted	to
extract	𝑙 and	normalised to	the	calculated	
ones	to	obtain	𝑆

Why	transfer	reactions	– 8/10
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Spectroscopic	factors	- caution

1. Absolute	spectroscopic	factors	depend	upon
- the	approximation	used	for	the	calculation	(DWBA,	ADWA,	CRC...)
- the	potentials	(interaction	and	binding)

→	usually,	relative spectroscopic	factors	are	used	to	derive	structure	information

2. For	pure	“single-particle”	states	the	spectroscopic	factors	satisfy	sum	rules
However,	a	given	configuration	could	be	present
in	several	excited	states	(fragmentation)
and	it	is	usually	difficult	to	measure	all	the	strength

Why	transfer	reactions	– 9/10
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Strength	fragmentation

● If	the	strength	is	fragmented:
the	single-particle	energy	is	taken	to	be
the	centroid (mean	energy,	weighted
by	the	spectroscopic	factor)

● Need	to	detect	as	much	strength	as	possible!

𝐸�.�. = �𝑆6𝐸6

�

�

Example:	p3/2-p1/2 spin-orbit	splitting	in	41Ca

S	Rusk	and	CM	Class
Nucl Phys	61	(1965)	209

DC	Kocher	and	W	Haeberli
Nucl Phys	A	196	(1972)	225

Why	transfer	reactions	– 10/10
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New	physics	far	from	stability
stable	nuclei
observed	nuclei
unknown	nuclei	 (predicted)
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● Halos,	cluster	structures
● Shape	transitions	and	coexistence

(macroscopic	picture)
● Changes	in	the	shell	structure

Why	these	changes?
An	excess	of	neutrons	or	protons	enhances	
particular	aspects of	the	N-N	interaction
● Matter	distribution	(shape	potential	well)
● Spin-orbit	force
● Three-body	forces
● Tensor	interaction
● …

Reactions	and	RIBs	– 1/6
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General	setup

gamma-ray	array

charged-particle	array
E,	angle,	particle	ID

target

spectrometer

focal-plane	detector
E,	angle,	part	ID

Keys:
● Efficiency
● Position	resolution
● Energy	resolution

Reactions	and	RIBs	– 2/6
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Inverse	kinematics

𝑣�*

𝑣��
	
�≪�

≈
𝑚3𝑚|

𝑚�𝑚�

�
≈

𝑚3

𝑚�

�

inverse
kinematics

𝑚3 > 𝑚�
stripping	(d,p)

𝑚3 < 𝑚�
pick-up	(p,d)

𝑣�*𝑣��

𝑣�

𝜃��

𝑣�*

𝑣��𝑣�
𝜃��

`
light	ejectile:	charged-particle	array

beam

beam-like:	magnetic	spectrometer

Reactions	and	RIBs	– 3/6
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Exotic	nuclei:	inverse	kinematics source:	Wilton	Catford

Light	particles
Kinematics	depends:
● mainly	on	the	masses

of	the	light	particles

● not	so	much	on
beam	mass	or	velocity

Reactions	and	RIBs	– 4/6
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Exotic	nuclei:	inverse	kinematics source:	Wilton	Catford

● Most	particles	at	90	deg
but	maximum	of	cross	sections
at	forward	and	backward	angles

● Kinematic	compression:
very	small	differences
in	energy	of	the	light	particle
for	different	E*

Reactions	and	RIBs	– 4/6
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The	luminosity	dilemma

● We	have	weak	beams
→	we	could	increase	the	target	thickness

but

● We	do	not	know	the	energy	of	the	beam
at	the	reaction	point

● Limit	for	(d,p):
resolution	in	E*≈300	keV
for	≈200	μg/cm2 target
(depends	on	many	factors!!)

same	angle
from	same	reaction	(Q-value)
but	different	energies!	

Experimental	considerations	– 5/11
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Limits	in	resolution

Resolution	in	E*
● Light	beam:

better	detect
beam-like	particle
(limit	on	angular
resolution)

● Heavier	beam:
better	detect	light
recoil	(limit	on
E	resolution	from
energy	loss	in	the
target)

● In	general:
much	worse	than
direct	kinematics

Reactions	and	RIBs	– 6/6
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● Halo	structures
● Clustering	and	deformation

Disappearance	of	N=8
● Ground	state	in	15C

Inversion	of	levels	in	11Be
● Due	to	proton-neutron	interaction

and	the	removal	of	protons
I.	Talmi and	I.	Unna	PRL	4	(1960)	469

● Cause	of	the	halo	in	11Li,	11Be,	14Be
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Figure 1. (a) Neutron orbitals for nuclei with A/Z = 3 calculated in a Woods–Saxon potential [3]. (b) The pairing energy for neutrons
(1n, squares) and protons (1p, circles), according to the definition in [4], plotted against functions of neutron–proton asymmetry A/Z .
Adapted from [5]. (c) The neutron pairing energy of the Hf isotopes as a function of isospin (T

z

), adapted from [6]. The neutron pairing
energy in (b) and (c) is seen to decrease as the neutron–proton asymmetry increases.

pairing energy is not a function of mass number alone but
depends on neutron excess, i.e. isospin.

Correlations due to the nucleon–nucleon interaction
between pairs of nucleons outside the closed shell are of vital
importance in reproducing the observed excitation spectra
in light nuclei. In the later development of the shell model,
these correlations have been accounted for by using effective
interactions. These interactions have been well studied for
the region close to stable nuclei but questions arise as to
their universal validity when nuclei have a large asymmetry
in their neutron to proton ratio. Indeed, it was found that
well-established interactions for the stable nuclei failed to
explain or predict the unexpected changes that are being
observed in the neutron–proton asymmetric nuclei. Recent
advances in understanding of shell evolution necessitated
therefore the development of new effective interactions for
neutron-rich nuclei such as the sdpfm [8, 9], GXFP1 and
GXFP1A [10, 11], and USDB [12] in order to explain the
experimental observations.

From a more microscopic fundamental viewpoint of the
nuclear force, features of the nucleon–nucleon interaction,
in particular isospin-dependent terms, may show greater
manifestation in the neutron-rich nuclei. In recent times
therefore, changes in shell structure have been discussed

based on the spin–isospin-dependent NN interaction. Its major
origin is the ⌧⌧�� part of the central potential (V⌧� ) [13].
The one-pion exchange process is a major component for
this. The tensor interaction is an important aspect of the
one-pion exchange contribution to the evolution of effective
single particle energies [14]. A more detailed discussion on
new developments in the shell model can be found in the
paper by Otsuka in this proceedings [15]. A discussion on the
tensor force from a different perspective is presented in the
paper by Tanihata in this proceedings [16]. The three-nucleon
force has emerged as an indispensable component of the
nuclear interaction in explaining the binding of nuclei and
the drip-line of the oxygen isotopes [17–20]. Theoretical
efforts are under way to understand the contribution of the
three-nucleon force in predicting energy levels, and bulk
ground state properties such as radii [19]. At the same time,
experimental evidence is gradually accumulating to unravel
the unexpected migration of nuclear orbitals and changes in
nucleon magic numbers, the shell closures, which provide a
benchmark testing ground and place strong constraints on the
emerging theoretical models.

Nuclear reactions of unstable nuclei offer decisive
information on the character of the nuclear orbitals, the spin
of the states and energy levels in a nucleus, all of which

2

A	Ozawa et	al,	PRL	84	(2000)	5493	

Light	nuclei	– 1/7
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Light	nuclei	– I
Ground	state	of	11Be
● [0+⨂ 2s]1/2+ or	[2+⨂ 1d]1/2+ ?

“10Be	core”	configuration	in	11Be?
● 2+ in	10Be	at	3.34	MeV
→Probe	overlap	between	11Be	gs

and	10Be	0+/2+ states

● Experiment:	11Be(p,d)10Be
at	GANIL
● Primary	beam	15N	65	MeV/nucleon
● In-flight	fragment	separation	in SISSI/alpha

→	11Be	at	35.3	MeV/nucleon
● Detection	in	SPEG

S	Fortier	et	al,	PLB	461	(1999)	22
J	Winfield et	al,	NPA	683	(2001)	48
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Light	nuclei	– I
Ground	state	of	11Be
Experiment:	11Be(p,d)10Be
● d	in	CHARISSA:	particle	detectors	(resistive)
● 10Be	SPEG:	(dispersion-matched)	spectrometer

S	Fortier	et	al,	PLB	461	(1999)	22
J	Winfield et	al,	NPA	683	(2001)	48
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Fig. 1. Schematic layout of the array of CHARISSA silicon detectors around the
extended target.

2.6 Electronics and data acquisition

Standard NIM and CAMAC electronics were used to process the signals from
the preamplifiers. The principal triggers for the standard GANIL VME-based
acquisition system were: (i) a SPEG focal plane event, (ii) the downscaled
beam in the plastic “finger”, and (iii) a CHARISSA “singles” event. The latter
was used only as a diagnostic. The data words for event-type (i) included a
bit-pattern that indicated which, if any, CHARISSA detector had recorded a
hit in coincidence. The time correlation was also recorded between the silicon
signal and the heavy-ion in order to reject random coincidences. The data
were recorded on magnetic tape and were independently analysed off-line at
the IPN-Orsay and at the University of Surrey.

10

5	mg/cm2

Light	nuclei	– 3/7



Riccardo	Raabe – KU	Leuven International	School	of	Physics	“Enrico	Fermi”	– Varenna,	14-19/07/2017

Light	nuclei	– I
Ground	state	of	11Be
Experiment:	11Be(p,d)10Be
● 0+ state	in	10Be	populated

by	removal	of	the	2s1/2 neutron
→	assume	pure	[0+⨂ 2s]1/2+
configuration,	calculate	dσ/dΩ for	0+
and	normalize	→	SF	for	[0+⨂ 2s]1/2+
● 2+ state	populated	by	removal

of	a	d5/2 neutron
only	possible	if	11Be	gs contains
the	[2+⨂ 1d]1/2+ configuration

→	assume	pure	[2+⨂ 1d]1/2+
configuration,	calculate	dσ/dΩ for	2+
and	normalize	→	SF	for	[2+⨂ 1d]1/2+

S	Fortier	et	al,	PLB	461	(1999)	22
J	Winfield et	al,	NPA	683	(2001)	48J.S. Winfield et al. / Nuclear Physics A 683 (2001) 48–78 57

of about 1.36 MeV. The excitation energy of 13C (possibly mutual with 14N) for the broad
peak near channel 225 is ∼ 9 MeV.

3.2. 10Be spectra

The 10Be focal plane position spectra for reactions with the 11Be beam were
accumulated at two different magnetic field settings separated by 0.9%, for a total number
of 3.7× 109 incident 11Be particles. Only the data for the first field setting, amounting to
roughly 6/7th of the total, were used in the final analysis.
The (11Be, 10Be) singles spectrum is shown in the upper panel of Fig. 4. The low-lying

states of 13C from 12C in the target are at most weakly observed; as a reference point,
the ground state for 13C is expected at channel 222. In contrast, there is a strong yield to
states at high excitation, such as the peak at channel 165, corresponding to an excitation in
13C of ∼ 10 MeV, or, more likely, to mutual excitation of 13C to ∼ 3.5 MeV and of 10Be
to 6 MeV. This strong yield contaminates the peaks from the reaction on hydrogen. The
carbon-scattering origin of these counts is proved both by their absence in the spectrum
taken in coincidence with deuterons in the CHARISSA array (Fig. 4, lower panel) and
their presence in the singles data taken on a pure carbon target (Fig. 4, overlay on upper
panel). The preferential population of high excitation states in 13C (with an assumed 5/2+

structure) agrees with Q-value and angular-momentum matching considerations [33,34].

Fig. 4. 10Be focal plane spectra. Upper panel: in singles; lower panel: in coincidence with deuterons
in the CHARISSA array. The spectra are for 10Be laboratory angles from 0.4◦ to 1.2◦. Superimposed
on the upper panel is a spectrum taken on a carbon target, normalised to the same number of beam
particles and equivalent carbon thickness as that for the polypropylene target.

62 J.S. Winfield et al. / Nuclear Physics A 683 (2001) 48–78

Fig. 7. Theoretical angular distributions calculated under the DWBA obtained with single-particle
SE form factors for states in 10Be. The points are the experimental angular distributions.

calculation. The largest-angle points were not used in the extraction of spectroscopic
factors in Ref. [21], neither are they so used in the present paper.

5. Analysis of angular distributions

5.1. Optical-model potentials

Different combinations of optical potentials for the entrance and exit channels have been
tried in the calculations presented below, in order to test the sensitivity of the extracted
spectroscopic factors to the input parameters. All the optical potentials used in the present
analysis have the standard Woods–Saxon or Woods–Saxon derivative form.
For the entrance channel, three principal optical potentials have been used. The most-

recent global nucleon–nucleus optical parameterisation is the “CH89” one of Varner et
al. [44]. This has dependences on energy, mass and isospin, adjusted for a range of stable
nuclei from masses A = 40 to 209. However, data from recent proton elastic scattering

1d5/2
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different	optical	
model	potentials

resolution	≈700	keV

Light	nuclei	– 4/7
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Light	nuclei	– I S	Fortier	et	al,	PLB	461	(1999)	22
J	Winfield et	al,	NPA	683	(2001)	48

Result:	SF(0+)	=	84%,	SF(2+)	=	16%

Ground	state	of	11Be
Experiment:	11Be(p,d)10Be
● Caution:	how	to	build	the	[0+⨂ 2s]1/2+

and	[2+⨂ 1d]1/2+ configurations?
1. Assume	10Be	inert	and	bind	the	neutron

with	a	Woods-Saxon	potential

2. Take	into	account	the	large	deformation
of	10Be	in	the	2+ state
(solve	coupled-channel	problem)

Result:	SF(0+)	≤	70%,	SF(2+)	≥	30%

68 J.S. Winfield et al. / Nuclear Physics A 683 (2001) 48–78

40% in the important asymptotic region outside the nucleus. This is responsible for the
strong difference between the cross sections calculated with the vibrational couplingmodel
and the SE method. The omission of these coupling effects must cast some doubt on the
physical meaning of the S(2+) and Rce values deduced from the SE method, as plotted
in Fig. 8. Experimental spectroscopic factors S

exp
lj determined as in Section 5.2 but using

vibrational form factors are given in Table 4. The corresponding Rce ratios, giving the
experimental amount of core excitation, range between 0.17 and 0.24, to be compared with
the minimum value of 0.30 from the standard SE analysis. The S(0+) and S(2+) values
obtained using SE form factors (Section 5.2) are also given (within parentheses) in Table 4
for comparison.
Alternatively, one can use the unnormalized form factors as ingredients in the DWBA

calculations and directly compare the predicted cross sections to experimental data. This
is done in Fig. 9, which shows the results obtained with optical parameter set P3D3, and
vibrational form factors corresponding to different well parameters, without any further
renormalisation to the data (i.e. the Sthlj factors are implicitly used in these calculations).
As was the case for the SE method in Section 5.2, the calculated cross sections agree well

Fig. 9. Theoretical cross sections for single step transfer with vibrational coupling form factors
calculated with different geometrical and spin–orbit parameters. Results obtained with form factors
from the Core Excitation Model (CEM) of Ref. [12] are also shown. The calculations are not
normalised to the data.

no	normalisation

Light	nuclei	– 5/7
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Light	nuclei	– II
Structure	of	states	in	12Be
● What	is	the	content	of	ν(s1/2)2

in	the	0+states	of	12Be?
● Also	measured	in	knock-out

reactions	– but	those	cannot
separate	0+1 and	0+2

● Experiment:	11Be(d,p)12Be
at	TRIUMF
● ISOL	production
● Post-acceleration

to	5	MeV/nucleon

R	Kanungo et	al,	PLB	682	(2010)	391
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Light	nuclei	– II
Structure	of	states	in	12Be
Experiment:	11Be(d,p)12Be
● Transfer	to	all	bound	states

is	observed
0+1 and	0+2 →	neutron	to	2s1/2
2+ →	neutron	to	1d5/2	
1– →	neutron	to	1p1/2

● Doublet	fitted	with	a	sum
of	the	two	configurations	

R	Kanungo et	al,	PLB	682	(2010)	391
392 R. Kanungo et al. / Physics Letters B 682 (2010) 391–395

shown a two-neutron halo structure, such as in 11Li [1]. The exis-
tence of such a structure in a non-Borromean nucleus is not yet
established and investigating this in 12Be is of particular inter-
est. The disappearance of the conventional N = 8 magic number
in 12Be is suggested from the lowering of the 2+

1 state [2]. This
is associated with the 2s1/2 and 1d5/2 orbitals intruding into the
p-shell. 11Be is known to be a one-neutron halo with the neutron
dominantly occupying the 2s1/2 orbital with spectroscopic factor
S ∼ 0.74 in agreement with the one-neutron removal cross-section
[3]. This is also in agreement with the observations from transfer
reactions [4–6].

The one-neutron separation energy (Sn) of 12Be is 3169(16) keV,
while that of 11Be is 504(6) keV [7], and 11Li has a two-neutron
separation energy of 369.15(65) keV [8]. An important question
is how the increase in neutron separation energy due to pairing
influences the neutron distribution in the 2s1/2 orbital.

Here we report the first measurement that determines the s-
wave neutron occupancy of the 0+ bound states in 12Be through
the 11Be(d, p)12Be neutron-transfer reaction. Since the ground
state of 11Be is 1/2+ , the selectivity of this reaction offers a clean
way to disentangle the s-wave occupancies for the 0+ levels. The
results are therefore the first clean determination of the 12Begs
spectroscopic factor without any influence of the isomeric 0+ ex-
cited state. The observations also show the s-wave composition of
the 0+ excited state.

The first excited state (2+) in 12Be was observed at 2.11(2) MeV
through inelastic scattering [2,9] and heavy ion transfer [10].
A state at 2.68(3) MeV, was interpreted as an l = 1 excitation [9,
12] which is considered to be the same state as observed in the
10Be(t, p)12Be reaction at 2.73(3) MeV [11]. Recently, a long-lived
0+ state at 2.24(2) MeV [13] was populated in the production of
a 12Be secondary beam. The mean lifetime of the state was deter-
mined to be 331(12) ns [14]. The presence of this state makes it
important to investigate the s-wave configuration in the two bound
0+ levels of 12Be.

The spectroscopic factor (S) for the 11Begs + n(2s1/2) configu-
ration in 12Begs was found to be 0.42 ± 0.06 from a one-neutron
removal reaction [15]. This is smaller than the 2s1/2 component
in 11Be as expected due to larger neutron separation energy. The
12Begs has p-wave and d-wave spectroscopic factors of 0.37 ± 0.06
[15] and 0.48 ± 0.06 [16], respectively. The small s-wave probabil-
ity in 12Be makes it necessary to explore whether any of the bound
excited levels have a 11Begs + n(2s1/2) configuration. It should be
mentioned here that in the neutron removal reactions the 12Be
beam cannot be distinguished as being in its ground state or its
0+

2 long-lived state. It is therefore of utmost importance to find
the s-wave strength through a different method that is free from
this problem. In this work, the 11Be(d, p)12Be reaction provides the
first clean signature of the s-wave strength for the ground state
and the 0+

2 state.
Theoretically, the s-wave spectroscopic factor for the 0+

2 level
was predicted in [17] to be 1.34, but it is stated that these numbers
should not be taken too seriously, since the matrix elements used
are appropriate to a 12C core. Ref. [18], with different wavefunc-
tions, discusses an increased s-wave spectroscopic factor of 1.06
for the ground state while that for the excited 0+

2 state is predicted
to be 0.54.1 Models of 11,12Be based on a deformed potential [19]
consider the ground state and the 0+

2 excited state to be linear
combinations of 1/2[220]2 and 1/2[101]2 two-neutron configu-
rations with equal amplitudes. A study based on a 10Be + n + n

1 This value is considering the s2 wavefunction probability to be 0.27 instead of
0.17 which is likely a misprint in [18] because it does not lead to a total probability
of unity.

Fig. 1. (a) The kinematic loci of the protons identified in the upstream silicon de-
tector in coincidence with 12Be in the downstream silicon detector. (b) The Q-value
spectrum integrated over the full angular range. The different states of 12Be are la-
beled in the figure.

three-body structure model discussed the second 0+ excited state
to have two neutrons in the 1p1/2 orbital [20]. No experimental in-
formation exists on the detailed configuration of the excited states
in 12Be.

The experiment was performed at the ISAC-II facility, TRIUMF,
Canada. The radioactive 11Be beam was extracted from the TRILIS
laser ion source [21], and accelerated to 5 A MeV by the ISAC-I
room-temperature RFQ and DTL [22] accelerators, followed by the
new ISAC-II superconducting linear accelerator. The uncertainty in
the average beam energy was < 10 A keV. An accelerated beam
intensity of typically 105 ions/s was delivered to a 40 µg/cm2 self
supporting (CD2)n reaction target whose thickness was measured
from energy-loss using a standard alpha source. The beam spot
size at the target was < 3 mm in diameter.

A 140 µm thick annular S3 type double-sided silicon strip de-
tector detected the protons in the backward direction covering
laboratory angles of 130◦–160◦ . The 24 ring segments of the detec-
tor defined the scattering angle. The reverse side of the detector is
segmented azimuthally into 32 sectors. The scattered 12Be along
with 11Be from elastic scattering were detected in another an-
nular silicon detector placed 75 cm downstream of the reaction
target with laboratory angular coverage of 0.8◦–2.7◦ . This coverage
ensured detection of the protons and 12Be nuclei in coincidence.
The coincident detection suppressed nearly all the background
events making it possible to identify the kinematic loci for the
11Be(d, p)12Be reaction through proton energy and angle correla-
tions (Fig. 1a). The coincidence efficiency was determined from a
Monte Carlo simulation and the region with efficiency ! 70% is
shown in Fig. 3.

The Q-value spectrum constructed from the energy and angle
of the detected protons is shown in Fig. 1b integrated over the
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Fig. 2. Gaussian width (σ ) of the Q-value peaks for 12Begs (filled squares), 12Be(2+ +
0+

2 ) (filled circles) and 12Be(1−) (filled triangles) states for different center-of-mass
angles. The dashed-line connecting the open diamonds shows the simulated width
for a mixture of 0.10(2+) + 0.73(0+

2 ). The solid line connecting the open squares
shows the simulated width for 0.19(2+) + 0.33(0+

2 ).

full angular range. The kinematic curves and Q-value peaks la-
beled as (1), (2), (3) in Figs. 1a and 1b correspond to the 12Begs ,
a doublet consisting of the 2+ and 0+

2 excited states and the 1−

excited state respectively. The Q-value resolution on an average
was around 65 keV (σ ) observed for the 12Begs peak at a fixed θcm
bin. The detailed resolution for each angle bin is shown in Fig. 2.

The width (σ ) of the Q-value peak, for the different states
obtained from a single Gaussian fit to each peak is shown in
Fig. 2. The centroid, width and amplitude of the Gaussian were
free parameters in the fit. The widths of the 12Begs and the 1−

state are found to be similar to each other. However, the sec-
ond Q-value peak (2) is much wider than the ground state peak
for θcm = 10◦–13◦ , indicating that this peak is a mixture of two
states. The different distribution of the widths over angles from
that of other states, suggests the admixture of different angular
momentum transitions. This clearly shows that the second peak
(2) is not a pure 2+ state or a pure 0+

2 state. The statistical uncer-
tainties shown in Fig. 2 are larger for θcm = 10◦ and 11◦ because
of smaller statistics due to lower coincidence efficiency. The peak
at θcm = 15◦ is at the limit of detection in excitation energy and
therefore has a lower efficiency for the higher excitation energy
(i.e. smaller Q-value) direction of the peak, which probably leads
to its smaller observed width. We clarify here that the Q-value
peaks shown in Fig. 1b are angle integrated and their widths con-
tain combined effects of varying resolutions for different strips in
the detector and small shifts in centroids with angles. The maxi-
mum shift in centroid is ∼ 50 keV. Therefore, the overall width of
the peak (2) in Fig. 1b though slightly larger than the ground state
is not an accurate way to view the presence of a doublet; rather
the presence is more clearly indicated in the peaks widths of indi-
vidual angle spectra shown in Fig. 2. The simulated open diamond
points (Fig. 2) are shown with the spectroscopic factors for the
best fit to the angular distribution in Fig. 3b (0.10(2+)+0.73(0+

2 )).
The open square points (Fig. 2) use the spectroscopic factor from
the upper-error bar for (2+) and lower-error bar for (0+

2 ) obtained
from the chisquare fit to the angular distribution in Fig. 3b.

The intensity of the 11Be beam was determined in two ways
throughout the experiment. The beam passing through the hole
in the annular silicon detector was stopped and counted using a
30 mm×30 mm YAP:Ce radiation hard inorganic scintillator. In ad-
dition, the Rutherford scattering from carbon in the target provided
an independent measure of the beam intensity. The two methods
were in agreement which adds further support to the target thick-
ness being used in the experiment. The deuteron component in

Fig. 3. (a) The angular distribution data for 12Begs , Q-value peak (1). The dia-
monds(cross marks) represent the DWBA calculation with S = 0.23 for a neutron
in the 2s1/2 orbital using potential Set1(Set2) and a Woods–Saxon form factor. The
solid line is that with S = 0.28 using a Reid soft core form factor. (b) The com-
bined angular distribution for the 12Be(2+) and 12Be(0+

2 ) states Q-value peak (2).
The solid line is the best fit with s-wave (S = 0.73) + d-wave (S = 0.10) with po-
tential Set1 and Reid soft core form factor. With the same form factor, the dashed
and dotted lines are s-wave (S = 1) and d-wave (S = 0.25) respectively. Using the
Woods–Saxon form factor, the d-wave (S = 0.25) is shown by triangles (squares)
and the s-wave (S = 1) is shown by diamonds(cross marks) for potential Set1(Set2).
The inset shows the chisquare minimum and the joint 68% confidence level region.
(c) Angular distribution of the 1− state Q-value peak (3) compared to a DWBA cal-
culation(Set1) with spectroscopic factor 0.35.

the target relative to carbon is fixed by the chemical composition
of the (CD2)n material. The uncertainty in the beam intensity was
considered to be 5%.

The differential cross-section as a function of center of mass
scattering angle (Fig. 3) was obtained by selecting the respective
Q-value peak. The small background under the peak was estimated
using a linear shape for the background and a Gaussian shape for
the peak. The error bars shown in Fig. 3 are the statistical errors.
The systematic error includes an overall 10% uncertainty due the
target thickness, and angle dependent uncertainties due to the co-
incidence efficiency that range from 1%–10%.

Obeying the selection rules, the 11Be(d, p) reaction can popu-
late the 0+ states in 12Be only if the transferred neutron occupies
the 2s1/2 orbital. The population of the 2+ and 1− states are pos-
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Fig. 2. Gaussian width (σ ) of the Q-value peaks for 12Begs (filled squares), 12Be(2+ +
0+

2 ) (filled circles) and 12Be(1−) (filled triangles) states for different center-of-mass
angles. The dashed-line connecting the open diamonds shows the simulated width
for a mixture of 0.10(2+) + 0.73(0+

2 ). The solid line connecting the open squares
shows the simulated width for 0.19(2+) + 0.33(0+

2 ).

full angular range. The kinematic curves and Q-value peaks la-
beled as (1), (2), (3) in Figs. 1a and 1b correspond to the 12Begs ,
a doublet consisting of the 2+ and 0+

2 excited states and the 1−

excited state respectively. The Q-value resolution on an average
was around 65 keV (σ ) observed for the 12Begs peak at a fixed θcm
bin. The detailed resolution for each angle bin is shown in Fig. 2.

The width (σ ) of the Q-value peak, for the different states
obtained from a single Gaussian fit to each peak is shown in
Fig. 2. The centroid, width and amplitude of the Gaussian were
free parameters in the fit. The widths of the 12Begs and the 1−

state are found to be similar to each other. However, the sec-
ond Q-value peak (2) is much wider than the ground state peak
for θcm = 10◦–13◦ , indicating that this peak is a mixture of two
states. The different distribution of the widths over angles from
that of other states, suggests the admixture of different angular
momentum transitions. This clearly shows that the second peak
(2) is not a pure 2+ state or a pure 0+

2 state. The statistical uncer-
tainties shown in Fig. 2 are larger for θcm = 10◦ and 11◦ because
of smaller statistics due to lower coincidence efficiency. The peak
at θcm = 15◦ is at the limit of detection in excitation energy and
therefore has a lower efficiency for the higher excitation energy
(i.e. smaller Q-value) direction of the peak, which probably leads
to its smaller observed width. We clarify here that the Q-value
peaks shown in Fig. 1b are angle integrated and their widths con-
tain combined effects of varying resolutions for different strips in
the detector and small shifts in centroids with angles. The maxi-
mum shift in centroid is ∼ 50 keV. Therefore, the overall width of
the peak (2) in Fig. 1b though slightly larger than the ground state
is not an accurate way to view the presence of a doublet; rather
the presence is more clearly indicated in the peaks widths of indi-
vidual angle spectra shown in Fig. 2. The simulated open diamond
points (Fig. 2) are shown with the spectroscopic factors for the
best fit to the angular distribution in Fig. 3b (0.10(2+)+0.73(0+

2 )).
The open square points (Fig. 2) use the spectroscopic factor from
the upper-error bar for (2+) and lower-error bar for (0+

2 ) obtained
from the chisquare fit to the angular distribution in Fig. 3b.

The intensity of the 11Be beam was determined in two ways
throughout the experiment. The beam passing through the hole
in the annular silicon detector was stopped and counted using a
30 mm×30 mm YAP:Ce radiation hard inorganic scintillator. In ad-
dition, the Rutherford scattering from carbon in the target provided
an independent measure of the beam intensity. The two methods
were in agreement which adds further support to the target thick-
ness being used in the experiment. The deuteron component in

Fig. 3. (a) The angular distribution data for 12Begs , Q-value peak (1). The dia-
monds(cross marks) represent the DWBA calculation with S = 0.23 for a neutron
in the 2s1/2 orbital using potential Set1(Set2) and a Woods–Saxon form factor. The
solid line is that with S = 0.28 using a Reid soft core form factor. (b) The com-
bined angular distribution for the 12Be(2+) and 12Be(0+

2 ) states Q-value peak (2).
The solid line is the best fit with s-wave (S = 0.73) + d-wave (S = 0.10) with po-
tential Set1 and Reid soft core form factor. With the same form factor, the dashed
and dotted lines are s-wave (S = 1) and d-wave (S = 0.25) respectively. Using the
Woods–Saxon form factor, the d-wave (S = 0.25) is shown by triangles (squares)
and the s-wave (S = 1) is shown by diamonds(cross marks) for potential Set1(Set2).
The inset shows the chisquare minimum and the joint 68% confidence level region.
(c) Angular distribution of the 1− state Q-value peak (3) compared to a DWBA cal-
culation(Set1) with spectroscopic factor 0.35.

the target relative to carbon is fixed by the chemical composition
of the (CD2)n material. The uncertainty in the beam intensity was
considered to be 5%.

The differential cross-section as a function of center of mass
scattering angle (Fig. 3) was obtained by selecting the respective
Q-value peak. The small background under the peak was estimated
using a linear shape for the background and a Gaussian shape for
the peak. The error bars shown in Fig. 3 are the statistical errors.
The systematic error includes an overall 10% uncertainty due the
target thickness, and angle dependent uncertainties due to the co-
incidence efficiency that range from 1%–10%.

Obeying the selection rules, the 11Be(d, p) reaction can popu-
late the 0+ states in 12Be only if the transferred neutron occupies
the 2s1/2 orbital. The population of the 2+ and 1− states are pos-
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Light	nuclei	– II
Structure	of	states	in	12Be
Experiment:	11Be(d,p)12Be
● Transfer	to	all	bound	states

is	observed
0+1 and	0+2 →	neutron	to	2s1/2
2+ →	neutron	to	1d5/2	
1– →	neutron	to	1p1/2

● Doublet	fitted	with	a	sum
of	the	two	configurations	
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shown a two-neutron halo structure, such as in 11Li [1]. The exis-
tence of such a structure in a non-Borromean nucleus is not yet
established and investigating this in 12Be is of particular inter-
est. The disappearance of the conventional N = 8 magic number
in 12Be is suggested from the lowering of the 2+

1 state [2]. This
is associated with the 2s1/2 and 1d5/2 orbitals intruding into the
p-shell. 11Be is known to be a one-neutron halo with the neutron
dominantly occupying the 2s1/2 orbital with spectroscopic factor
S ∼ 0.74 in agreement with the one-neutron removal cross-section
[3]. This is also in agreement with the observations from transfer
reactions [4–6].

The one-neutron separation energy (Sn) of 12Be is 3169(16) keV,
while that of 11Be is 504(6) keV [7], and 11Li has a two-neutron
separation energy of 369.15(65) keV [8]. An important question
is how the increase in neutron separation energy due to pairing
influences the neutron distribution in the 2s1/2 orbital.

Here we report the first measurement that determines the s-
wave neutron occupancy of the 0+ bound states in 12Be through
the 11Be(d, p)12Be neutron-transfer reaction. Since the ground
state of 11Be is 1/2+ , the selectivity of this reaction offers a clean
way to disentangle the s-wave occupancies for the 0+ levels. The
results are therefore the first clean determination of the 12Begs
spectroscopic factor without any influence of the isomeric 0+ ex-
cited state. The observations also show the s-wave composition of
the 0+ excited state.

The first excited state (2+) in 12Be was observed at 2.11(2) MeV
through inelastic scattering [2,9] and heavy ion transfer [10].
A state at 2.68(3) MeV, was interpreted as an l = 1 excitation [9,
12] which is considered to be the same state as observed in the
10Be(t, p)12Be reaction at 2.73(3) MeV [11]. Recently, a long-lived
0+ state at 2.24(2) MeV [13] was populated in the production of
a 12Be secondary beam. The mean lifetime of the state was deter-
mined to be 331(12) ns [14]. The presence of this state makes it
important to investigate the s-wave configuration in the two bound
0+ levels of 12Be.

The spectroscopic factor (S) for the 11Begs + n(2s1/2) configu-
ration in 12Begs was found to be 0.42 ± 0.06 from a one-neutron
removal reaction [15]. This is smaller than the 2s1/2 component
in 11Be as expected due to larger neutron separation energy. The
12Begs has p-wave and d-wave spectroscopic factors of 0.37 ± 0.06
[15] and 0.48 ± 0.06 [16], respectively. The small s-wave probabil-
ity in 12Be makes it necessary to explore whether any of the bound
excited levels have a 11Begs + n(2s1/2) configuration. It should be
mentioned here that in the neutron removal reactions the 12Be
beam cannot be distinguished as being in its ground state or its
0+

2 long-lived state. It is therefore of utmost importance to find
the s-wave strength through a different method that is free from
this problem. In this work, the 11Be(d, p)12Be reaction provides the
first clean signature of the s-wave strength for the ground state
and the 0+

2 state.
Theoretically, the s-wave spectroscopic factor for the 0+

2 level
was predicted in [17] to be 1.34, but it is stated that these numbers
should not be taken too seriously, since the matrix elements used
are appropriate to a 12C core. Ref. [18], with different wavefunc-
tions, discusses an increased s-wave spectroscopic factor of 1.06
for the ground state while that for the excited 0+

2 state is predicted
to be 0.54.1 Models of 11,12Be based on a deformed potential [19]
consider the ground state and the 0+

2 excited state to be linear
combinations of 1/2[220]2 and 1/2[101]2 two-neutron configu-
rations with equal amplitudes. A study based on a 10Be + n + n

1 This value is considering the s2 wavefunction probability to be 0.27 instead of
0.17 which is likely a misprint in [18] because it does not lead to a total probability
of unity.

Fig. 1. (a) The kinematic loci of the protons identified in the upstream silicon de-
tector in coincidence with 12Be in the downstream silicon detector. (b) The Q-value
spectrum integrated over the full angular range. The different states of 12Be are la-
beled in the figure.

three-body structure model discussed the second 0+ excited state
to have two neutrons in the 1p1/2 orbital [20]. No experimental in-
formation exists on the detailed configuration of the excited states
in 12Be.

The experiment was performed at the ISAC-II facility, TRIUMF,
Canada. The radioactive 11Be beam was extracted from the TRILIS
laser ion source [21], and accelerated to 5 A MeV by the ISAC-I
room-temperature RFQ and DTL [22] accelerators, followed by the
new ISAC-II superconducting linear accelerator. The uncertainty in
the average beam energy was < 10 A keV. An accelerated beam
intensity of typically 105 ions/s was delivered to a 40 µg/cm2 self
supporting (CD2)n reaction target whose thickness was measured
from energy-loss using a standard alpha source. The beam spot
size at the target was < 3 mm in diameter.

A 140 µm thick annular S3 type double-sided silicon strip de-
tector detected the protons in the backward direction covering
laboratory angles of 130◦–160◦ . The 24 ring segments of the detec-
tor defined the scattering angle. The reverse side of the detector is
segmented azimuthally into 32 sectors. The scattered 12Be along
with 11Be from elastic scattering were detected in another an-
nular silicon detector placed 75 cm downstream of the reaction
target with laboratory angular coverage of 0.8◦–2.7◦ . This coverage
ensured detection of the protons and 12Be nuclei in coincidence.
The coincident detection suppressed nearly all the background
events making it possible to identify the kinematic loci for the
11Be(d, p)12Be reaction through proton energy and angle correla-
tions (Fig. 1a). The coincidence efficiency was determined from a
Monte Carlo simulation and the region with efficiency ! 70% is
shown in Fig. 3.

The Q-value spectrum constructed from the energy and angle
of the detected protons is shown in Fig. 1b integrated over the
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Fig. 2. Gaussian width (σ ) of the Q-value peaks for 12Begs (filled squares), 12Be(2+ +
0+

2 ) (filled circles) and 12Be(1−) (filled triangles) states for different center-of-mass
angles. The dashed-line connecting the open diamonds shows the simulated width
for a mixture of 0.10(2+) + 0.73(0+

2 ). The solid line connecting the open squares
shows the simulated width for 0.19(2+) + 0.33(0+

2 ).

full angular range. The kinematic curves and Q-value peaks la-
beled as (1), (2), (3) in Figs. 1a and 1b correspond to the 12Begs ,
a doublet consisting of the 2+ and 0+

2 excited states and the 1−

excited state respectively. The Q-value resolution on an average
was around 65 keV (σ ) observed for the 12Begs peak at a fixed θcm
bin. The detailed resolution for each angle bin is shown in Fig. 2.

The width (σ ) of the Q-value peak, for the different states
obtained from a single Gaussian fit to each peak is shown in
Fig. 2. The centroid, width and amplitude of the Gaussian were
free parameters in the fit. The widths of the 12Begs and the 1−

state are found to be similar to each other. However, the sec-
ond Q-value peak (2) is much wider than the ground state peak
for θcm = 10◦–13◦ , indicating that this peak is a mixture of two
states. The different distribution of the widths over angles from
that of other states, suggests the admixture of different angular
momentum transitions. This clearly shows that the second peak
(2) is not a pure 2+ state or a pure 0+

2 state. The statistical uncer-
tainties shown in Fig. 2 are larger for θcm = 10◦ and 11◦ because
of smaller statistics due to lower coincidence efficiency. The peak
at θcm = 15◦ is at the limit of detection in excitation energy and
therefore has a lower efficiency for the higher excitation energy
(i.e. smaller Q-value) direction of the peak, which probably leads
to its smaller observed width. We clarify here that the Q-value
peaks shown in Fig. 1b are angle integrated and their widths con-
tain combined effects of varying resolutions for different strips in
the detector and small shifts in centroids with angles. The maxi-
mum shift in centroid is ∼ 50 keV. Therefore, the overall width of
the peak (2) in Fig. 1b though slightly larger than the ground state
is not an accurate way to view the presence of a doublet; rather
the presence is more clearly indicated in the peaks widths of indi-
vidual angle spectra shown in Fig. 2. The simulated open diamond
points (Fig. 2) are shown with the spectroscopic factors for the
best fit to the angular distribution in Fig. 3b (0.10(2+)+0.73(0+

2 )).
The open square points (Fig. 2) use the spectroscopic factor from
the upper-error bar for (2+) and lower-error bar for (0+

2 ) obtained
from the chisquare fit to the angular distribution in Fig. 3b.

The intensity of the 11Be beam was determined in two ways
throughout the experiment. The beam passing through the hole
in the annular silicon detector was stopped and counted using a
30 mm×30 mm YAP:Ce radiation hard inorganic scintillator. In ad-
dition, the Rutherford scattering from carbon in the target provided
an independent measure of the beam intensity. The two methods
were in agreement which adds further support to the target thick-
ness being used in the experiment. The deuteron component in

Fig. 3. (a) The angular distribution data for 12Begs , Q-value peak (1). The dia-
monds(cross marks) represent the DWBA calculation with S = 0.23 for a neutron
in the 2s1/2 orbital using potential Set1(Set2) and a Woods–Saxon form factor. The
solid line is that with S = 0.28 using a Reid soft core form factor. (b) The com-
bined angular distribution for the 12Be(2+) and 12Be(0+

2 ) states Q-value peak (2).
The solid line is the best fit with s-wave (S = 0.73) + d-wave (S = 0.10) with po-
tential Set1 and Reid soft core form factor. With the same form factor, the dashed
and dotted lines are s-wave (S = 1) and d-wave (S = 0.25) respectively. Using the
Woods–Saxon form factor, the d-wave (S = 0.25) is shown by triangles (squares)
and the s-wave (S = 1) is shown by diamonds(cross marks) for potential Set1(Set2).
The inset shows the chisquare minimum and the joint 68% confidence level region.
(c) Angular distribution of the 1− state Q-value peak (3) compared to a DWBA cal-
culation(Set1) with spectroscopic factor 0.35.

the target relative to carbon is fixed by the chemical composition
of the (CD2)n material. The uncertainty in the beam intensity was
considered to be 5%.

The differential cross-section as a function of center of mass
scattering angle (Fig. 3) was obtained by selecting the respective
Q-value peak. The small background under the peak was estimated
using a linear shape for the background and a Gaussian shape for
the peak. The error bars shown in Fig. 3 are the statistical errors.
The systematic error includes an overall 10% uncertainty due the
target thickness, and angle dependent uncertainties due to the co-
incidence efficiency that range from 1%–10%.

Obeying the selection rules, the 11Be(d, p) reaction can popu-
late the 0+ states in 12Be only if the transferred neutron occupies
the 2s1/2 orbital. The population of the 2+ and 1− states are pos-
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Fig. 2. Gaussian width (σ ) of the Q-value peaks for 12Begs (filled squares), 12Be(2+ +
0+

2 ) (filled circles) and 12Be(1−) (filled triangles) states for different center-of-mass
angles. The dashed-line connecting the open diamonds shows the simulated width
for a mixture of 0.10(2+) + 0.73(0+

2 ). The solid line connecting the open squares
shows the simulated width for 0.19(2+) + 0.33(0+

2 ).

full angular range. The kinematic curves and Q-value peaks la-
beled as (1), (2), (3) in Figs. 1a and 1b correspond to the 12Begs ,
a doublet consisting of the 2+ and 0+

2 excited states and the 1−

excited state respectively. The Q-value resolution on an average
was around 65 keV (σ ) observed for the 12Begs peak at a fixed θcm
bin. The detailed resolution for each angle bin is shown in Fig. 2.

The width (σ ) of the Q-value peak, for the different states
obtained from a single Gaussian fit to each peak is shown in
Fig. 2. The centroid, width and amplitude of the Gaussian were
free parameters in the fit. The widths of the 12Begs and the 1−

state are found to be similar to each other. However, the sec-
ond Q-value peak (2) is much wider than the ground state peak
for θcm = 10◦–13◦ , indicating that this peak is a mixture of two
states. The different distribution of the widths over angles from
that of other states, suggests the admixture of different angular
momentum transitions. This clearly shows that the second peak
(2) is not a pure 2+ state or a pure 0+

2 state. The statistical uncer-
tainties shown in Fig. 2 are larger for θcm = 10◦ and 11◦ because
of smaller statistics due to lower coincidence efficiency. The peak
at θcm = 15◦ is at the limit of detection in excitation energy and
therefore has a lower efficiency for the higher excitation energy
(i.e. smaller Q-value) direction of the peak, which probably leads
to its smaller observed width. We clarify here that the Q-value
peaks shown in Fig. 1b are angle integrated and their widths con-
tain combined effects of varying resolutions for different strips in
the detector and small shifts in centroids with angles. The maxi-
mum shift in centroid is ∼ 50 keV. Therefore, the overall width of
the peak (2) in Fig. 1b though slightly larger than the ground state
is not an accurate way to view the presence of a doublet; rather
the presence is more clearly indicated in the peaks widths of indi-
vidual angle spectra shown in Fig. 2. The simulated open diamond
points (Fig. 2) are shown with the spectroscopic factors for the
best fit to the angular distribution in Fig. 3b (0.10(2+)+0.73(0+

2 )).
The open square points (Fig. 2) use the spectroscopic factor from
the upper-error bar for (2+) and lower-error bar for (0+

2 ) obtained
from the chisquare fit to the angular distribution in Fig. 3b.

The intensity of the 11Be beam was determined in two ways
throughout the experiment. The beam passing through the hole
in the annular silicon detector was stopped and counted using a
30 mm×30 mm YAP:Ce radiation hard inorganic scintillator. In ad-
dition, the Rutherford scattering from carbon in the target provided
an independent measure of the beam intensity. The two methods
were in agreement which adds further support to the target thick-
ness being used in the experiment. The deuteron component in

Fig. 3. (a) The angular distribution data for 12Begs , Q-value peak (1). The dia-
monds(cross marks) represent the DWBA calculation with S = 0.23 for a neutron
in the 2s1/2 orbital using potential Set1(Set2) and a Woods–Saxon form factor. The
solid line is that with S = 0.28 using a Reid soft core form factor. (b) The com-
bined angular distribution for the 12Be(2+) and 12Be(0+

2 ) states Q-value peak (2).
The solid line is the best fit with s-wave (S = 0.73) + d-wave (S = 0.10) with po-
tential Set1 and Reid soft core form factor. With the same form factor, the dashed
and dotted lines are s-wave (S = 1) and d-wave (S = 0.25) respectively. Using the
Woods–Saxon form factor, the d-wave (S = 0.25) is shown by triangles (squares)
and the s-wave (S = 1) is shown by diamonds(cross marks) for potential Set1(Set2).
The inset shows the chisquare minimum and the joint 68% confidence level region.
(c) Angular distribution of the 1− state Q-value peak (3) compared to a DWBA cal-
culation(Set1) with spectroscopic factor 0.35.

the target relative to carbon is fixed by the chemical composition
of the (CD2)n material. The uncertainty in the beam intensity was
considered to be 5%.

The differential cross-section as a function of center of mass
scattering angle (Fig. 3) was obtained by selecting the respective
Q-value peak. The small background under the peak was estimated
using a linear shape for the background and a Gaussian shape for
the peak. The error bars shown in Fig. 3 are the statistical errors.
The systematic error includes an overall 10% uncertainty due the
target thickness, and angle dependent uncertainties due to the co-
incidence efficiency that range from 1%–10%.

Obeying the selection rules, the 11Be(d, p) reaction can popu-
late the 0+ states in 12Be only if the transferred neutron occupies
the 2s1/2 orbital. The population of the 2+ and 1− states are pos-
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The	emergence	of	N=16

Y.	Utsuno et	al.,
PRC	60	(1999)	054315
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…and	the	disappearance	of	N=20
● Historically	this	was	the	first	identification

of	shell	evolution	far	from	stability	(mid-’70)

s1/2
d5/2

d3/2

f7/2

s1/2

π ν
14

p3/2

d5/2

20

28

The	emergence	of	N=16	– 1/10



Riccardo	Raabe – KU	Leuven International	School	of	Physics	“Enrico	Fermi”	– Varenna,	14-19/07/2017

The	emergence	of	N=16

● 3-body	forces	in	O	isotopes T Otsuka et	al,	PRL	105	(2010)	032501
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1d3/2

2s1/2
16

state have been exchanged and this leads to the exchange of
the final (or initial) orbital labels j, m and j0, m0. Because
this process reflects a cancellation of the lowering of the
SPE, the contribution from Fig. 3(d) has to be repulsive for
two neutrons. Finally, we can rewrite Fig. 3(d) as the FM
3N force of Fig. 3(e), where the middle nucleon is summed
over core nucleons. The importance of the cancellation
between Figs. 3(a) and 3(e) was recognized for nuclear
matter in Ref. [21].

The process in Fig. 3(d) corresponds to a two-valence-
neutron monopole interaction, schematically illustrated in
Fig. 4(d). The resulting SPE evolution is shown in Fig. 2(c)

for the G matrix formalism, where a standard pion-N-!
coupling [22] was used and all 3N diagrams of the same
order as Fig. 3(d) are included. We observe that the repul-
sive FM 3N contributions become significant with increas-
ing N and the resulting SPE structure is similar to that of
phenomenological forces, where the d3=2 orbital remains
high. Next, we calculate the SPEs from chiral low-
momentum interactions Vlow k, including the changes due

to the leading (N2LO) 3N forces in chiral EFT [23], see
Figs. 3(f)–3(h). We consider also the SPEs where 3N-force
contributions are only due to ! excitations [24]. The lead-
ing chiral 3N forces include the long-range two-pion-
exchange part, Fig. 3(f), which takes into account the
excitation to a ! and other resonances, plus shorter-range
3N interactions, Figs. 3(g) and 3(h), that have been con-
strained in few-nucleon systems [25]. The resulting SPEs
in Fig. 2(d) demonstrate that the long-range contributions
due to ! excitations dominate the changes in the SPE
evolution and the effects of shorter-range 3N interactions
are smaller. We point out that 3N forces play a key role for
the magic number N ¼ 14 between d5=2 and s1=2 [26], and
that they enlarge theN ¼ 16 gap between s1=2 and d3=2 [5].
The contributions from Figs. 3(f)–3(h) (plus all ex-

change terms) to the monopole components take into ac-
count the normal-ordered two-body parts of 3N forces,
where one of the nucleons is summed over all nucleons
in the core. This is also motivated by recent coupled-cluster
calculations [27], where residual 3N forces between three
valence states were found to be small. In addition, the
effects of 3N forces among three valence neutrons should
be generally weaker due to the Pauli principle.
Finally, we take into account many-body correlations by

diagonalization in the valence space. The resulting ground-
state energies of the oxygen isotopes are presented in
Fig. 4. Figure 4(a) (based on phenomenological forces)
implies that many-body correlations do not change our
picture developed from the SPEs: The energy decreases
to N ¼ 16, but the d3=2 neutrons added out to N ¼ 20

FIG. 3 (color online). Processes involving 3N contributions.
The external lines are valence neutrons. The dashed and thick
lines denote pions and ! excitations, respectively. Nucleon-hole
lines are indicated by downward arrows. The leading chiral 3N
forces include the long-range two-pion-exchange parts, diagram
(f), which take into account the excitation to a ! and other
resonances, plus shorter-range one-pion exchange, diagram (g),
and 3N contact interactions, diagram (h).
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FIG. 4 (color online). Ground-state energies of oxygen isotopes measured from 16O, including experimental values of the bound 16–
24 O. Energies obtained from (a) phenomenological forces SDPF-M [13] and USD-B [14], (b) a Gmatrix and including FM 3N forces
due to ! excitations, and (c) from low-momentum interactions Vlow k and including chiral EFT 3N interactions at N2LO as well as only
due to ! excitations [25]. The changes due to 3N forces based on ! excitations are highlighted by the shaded areas. (d) Schematic
illustration of a two-valence-neutron interaction generated by 3N forces with a nucleon in the 16O core.
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Trifoil
Tags recoil events

All beam goes through

30µm Al foil
Catches fusion evaporation 

products from carbon

Downstream box
Elastically scattered p and d
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At	TRIUMF	(ISAC-II)
● SHARC	charged-particle	detectors
● TIGRESS	𝛾-ray	array
● TRIFOIL	plastic	scintillator

to	identify	beam-like	particle
3.5 Recoil Tagging 61

encompasses all of these properties is VAMOS, the Variable mode magnetic spectrometer

at SPIRAL/GANIL [65]. This device has been used successfully in (d,p) studies using ra-

dioactive beams of Ne24 [66], Ne26 [45] and O20 [67], in which the (Z,A) of the recoil was

fully identified. In the case of Ne26 [45,55], the momentum of the unobserved neutron from

d( Ne26 ,p) Ne27 (n) Ne26 was even reconstructed with some success.

Another type of device is a mass separator, which includes both magnetic and electro-

static separation to achieve physical mass separation. Indeed, such a device - EMMA [68]

- is being constructed for use with TIGRESS at TRIUMF. In the absence of these elaborate

and highly effective devices, a simpler alternative was improvised: the trifoil. Its aim was

to identify and reject γ-ray lines arising mainly from the fusion-evaporation type of reaction

induced on the carbon in the (CD2)n targets.

3.5.2 Trifoil Detector

The zero degree detector was called the trifoil because it utilises three photomultiplier tubes

to view a thin foil made from scintillating plastic. The apparatus is shown in Figure 3.18. It

was mounted on a retractable arm that allowed it to be inserted or removed from the beam

axis.

Light guide
Photomultiplier tubes

Plastic scintillator

Figure 3.18: A photograph of the trifoil detector, showing the scintillator foil and photomultiplier

tubes [69].

For this experiment a 10 µm thick BC400 plastic scintillator foil was used, with active

area 40×40mm2, mounted in a plexiglass frame with outside dimensions 70mm by 70mm.

Ideally, the plexiglass would act as a light guide to collect an light escaping the edges of

the foil. In practice, as will be shown, it was only light that followed a direct line to the

photomultipliers that was effectively collected. For the trifoil to trigger, two of the three
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(d,p)	on	Ne	and	Na	isotopes
24Ne(d,p)

at GANIL. The beam impinged on a self-supporting target
of deuterated polythene ðCDÞ2 with thickness 1 mg=cm2.
The target was surrounded by TIARA [18,19], an array of
silicon detectors spanning 85% of 4!. The TIARA cover-
age from 36#–144# comprised an octagonal ‘‘barrel’’ of
position sensitive (resistive strip) detectors, 400 "m thick.
The most backward angles (144#–169#) were covered by
an array of 400 "m thick double-sided Si strip detectors.
In very close proximity to the target (50 mm) the front
faces of four EXOGAM segmented Ge detectors [20]
formed four sides of a cube spanning 66% of 4!. The
full-energy peak efficiency for #-ray detection was esti-
mated to be 15% at 1.0 MeV. During the experiment,
however, the Ge detectors were in operation for only a
fraction of the beam exposure. Beam particles and beam-
like reaction products emerging near zero degrees were
analyzed by the VAMOS magnetic spectrometer [21]. The
focal plane detectors gave Z identification by !E-E and
mass by time of flight [19]. The start signal for the timing
was provided by a thin (10 "m) plastic scintillator
mounted 0.5 m upstream of the reaction target. The data
acquisition was triggered if an event was recorded in any of
the TIARA silicon detectors. Any coincident event in
VAMOS was recorded and, in that case, also any further
coincident event in EXOGAM. Only the core signals [20]
from EXOGAM were available, limiting the accuracy of
the Doppler energy corrections for # rays emitted by the
beamlike particles ($ $ 0:1) to a FWHM of 65 keV at
1 MeV.

Products of 24Ne reacting with 12C in the target were
evident in the TIARA singles spectra of energy against
angle, comprising knockon 12C plus protons and % par-
ticles from fusion evaporation, but were eliminated by
requiring a beam or beamlike particle in VAMOS. The
elastically scattered deuterons were detected just forward
of 90# [22] in coincidence with scattered beam recorded in
VAMOS. These measurements provided an absolute nor-
malization of all the differential cross sections. Protons
from the ðd; pÞ reaction were recorded from the most
backward angles until the increasing energies resulted in
their penetrating the barrel near 95#. The protons corre-
sponding to the most forward c.m. angles were detected in
the double-sided Si strip detectors between 135# and 170#,

with improved energy resolution and lower energy thresh-
olds compared to the resistive strip detectors in the barrel.
The particles observed in TIARA in coincidence with

25Ne were used to calculate the 25Ne excitation energy,
according to the measured energies and angles and the
kinematics for ðd; pÞ. The resolution in excitation energy
was strongly angle dependent, owing to the target effects
and the detector resolution [23]. In total, eight angular bins
were used, including five in the barrel. Figure 1 shows
example excitation energy spectra. These were fitted with a
series of Gaussian peaks, using the #-ray data to identify
the peaks to be included and their energies. The #-ray
energy spectrum from all triple coincidence 25Ne-p-#
events, after Doppler correction, is displayed in Fig. 2(a).
Gamma-ray peaks were observed at energies of 1.68, 2.03,
2.35, and 3.33 MeV (% 0:04 MeV). As discussed below,
the # ray at 2.35 MeV is in cascade with that at 1.68 MeV,
suggesting a state at 4.03 MeV. With these four excitation
energies and the ground state fixed, the spectra for the
various angle bins were each fitted with five peaks of equal
(but angle-dependent) width.
The angular distributions from the ðd; pÞ reaction pop-

ulating states in 25Ne are shown in Fig. 3, together with
calculations using the adiabatic distorted wave approxima-
tion (ADWA) [24] with standard parameters that have been

0 2 4 60 2 4 6

50

100

50

100

0

0

C
ou

nt
s 

/ 1
90

ke
V

Excitation energy (MeV)

b)a)

d)c)

FIG. 1 (color online). Excitation energy spectra deduced from
protons detected at laboratory angles of (a) 109#, (b) 125#,
(c) 149#, (d) 164#.

TABLE I. Results for states in 25Ne. The measured excitation energies are compared with previous work, where the experimental
errors are 40 keV (present), of order 1 keV [7,13], 30 keV [14], and 50–80 keV [15]. States observed in the $-decay work but not
expected in transfer have been omitted, as have states at 4:7% 0:1 MeV [15] and 6:28% 0:05 MeV [14].

Ex(keV)
ðd; p#Þ
(present)

Ex(keV)
$-#
[13]

Ex(keV)
$-#
[7]

Ex(keV)
ð13C; 14OÞ

[14]

Ex(keV)
ð7Li; 8BÞ
[15]

‘ (@)
present

J! S
(present)

Ex(keV)
USD
[16]

S
USD

Ex(keV)
USD-A
[17]

S
USD-A

Ex(keV)
USD-B
[17]

S
USD-B

0 0 0 0 0 0 1=2þ 0.80 0 0.63 0 0.64 0 0.64
1680 1703 1702 1740 1650 2 5=2þ 0.15 1779 0.10 1850 0.10 1756 0.10
2030 2090 2030 2 3=2þ 0.44 1687 0.49 2042 0.42 2043 0.39
3330 3330 3250 1 3=2' 0.75
4030 4070 4050 3 7=2' 0.73
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shown to work well for comparisons with large-basis shell-
model calculations [6]. The nucleon-nucleus potential of
Bechetti-Greenlees was employed [25]. The elastic ðd; dÞ
cross section was measured [19] between 25# and 45#

(c.m.) simultaneously with the ðd; pÞ and fitted using opti-
cal potential parameters obtained from dþ 26Mg at
6A MeV [26]. This calibrated the product of beam expo-
sure and target thickness.

The angular distribution for transfer to the 25Ne ground
state exhibits a characteristic dip near 135# (17# in the c.m.
frame) indicating an ‘ ¼ 0 transfer. The angular distribu-
tions of the 1.68 and 2.03 MeV states are consistent only
with ‘ ¼ 2 transfer and are clearly different from that of
the ground state. The other strong peaks at 3.33 and
4.03 MeV are in a region where USD shell-model calcu-
lations (such as those included in Table I) predict little
transfer strength to positive parity states. For the 3.33 MeV
state, the falloff in yield with increasing c.m. angle (de-
creasing laboratory angle) is too rapid for high ‘ transfers
and implies ‘ ¼ 1. For the 4.03 MeV state, the experiment
provided only a lower limit on the cross section at some
angles. This resulted from the loss of some counts below
the energy threshold of the barrel detectors, which is
increasingly important near the end of the barrel (135#)
owing to the kinematics. The observed yield near 90# is
sufficient, however, to rule out any rapid falloff with in-
creasing c.m. angle, and in fact the data are consistent only
with an ‘ transfer of at least ‘ ¼ 3, with ‘ ¼ 2 giving too
low a yield near 90# compared to that near 170#. Since
there are no ‘ ¼ 4 orbitals nearby in energy in the shell
model, an ‘ ¼ 3 transfer is deduced for the 4.03 MeV state.

The deduced ‘ transfers can be extended to spin assign-
ments using the observed !-ray decay scheme. The !-ray
spectrum obtained using a restricted gate on excitation
energy near 4 MeV is shown in Fig. 2(b). When the
quadruple-coincidence 25Ne-p-!-! data are analyzed, the
limited statistics are sufficient to demonstrate that a gate on
the 1.68 MeV peak highlights the peak at 2.35 MeV and,

similarly, a 2.35 MeV gate highlights the 1.68 MeV tran-
sition [19]. Such a cascade is of course expected for a
ð5=2&; 7=2&Þ ‘ ¼ 3 state, decaying via an ‘ ¼ 2 state,
and the cascade from a 7=2& state would select just the
5=2þ state. From simple shell-model considerations, the
lowest ‘ ¼ 3 state is expected to be 7=2&. Indeed, the
isotonic reaction 26Mgðd; pÞ27Mg [26] strongly populates
an ‘ ¼ 3 state at 3.76 MeV, which is assigned 7=2& and
decays via the 5=2þ state [27]. The combined evidence
implies that the 4.03 MeV state in 25Ne should be assigned
7=2& and also that the intermediate 1.68 MeV state in the
decay is 5=2þ. Furthermore, the reaction yield to the
1.68 MeV state is lower than that for the 2.03 MeV state
in 25Ne. This reinforces the 5=2þ assignment, since the
5=2þ hole state [naively, "ð1s21=2 ' 0d&1

5=2Þ] should be popu-
lated more weakly than the 3=2þ particle state ["ð0d3=2Þ],
as also observed in 27Mg [26]. By elimination, the ‘ ¼ 2
state at 2.03 MeV can be inferred to be the 3=2þ state
expected from systematics and shell-model considerations.
These arguments for the ‘ ¼ 2 states are all supported by

FIG. 2 (color online). Doppler-corrected !-ray energy spectra
recorded in coincidence with (a) all protons and (b) protons
populating the state in 25Ne at 4.03 MeV. (c) Levels in 25Ne.
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points indicating lower limits (arrows), the detector energy
thresholds reduced the efficiency.
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shown to work well for comparisons with large-basis shell-
model calculations [6]. The nucleon-nucleus potential of
Bechetti-Greenlees was employed [25]. The elastic ðd; dÞ
cross section was measured [19] between 25# and 45#

(c.m.) simultaneously with the ðd; pÞ and fitted using opti-
cal potential parameters obtained from dþ 26Mg at
6A MeV [26]. This calibrated the product of beam expo-
sure and target thickness.

The angular distribution for transfer to the 25Ne ground
state exhibits a characteristic dip near 135# (17# in the c.m.
frame) indicating an ‘ ¼ 0 transfer. The angular distribu-
tions of the 1.68 and 2.03 MeV states are consistent only
with ‘ ¼ 2 transfer and are clearly different from that of
the ground state. The other strong peaks at 3.33 and
4.03 MeV are in a region where USD shell-model calcu-
lations (such as those included in Table I) predict little
transfer strength to positive parity states. For the 3.33 MeV
state, the falloff in yield with increasing c.m. angle (de-
creasing laboratory angle) is too rapid for high ‘ transfers
and implies ‘ ¼ 1. For the 4.03 MeV state, the experiment
provided only a lower limit on the cross section at some
angles. This resulted from the loss of some counts below
the energy threshold of the barrel detectors, which is
increasingly important near the end of the barrel (135#)
owing to the kinematics. The observed yield near 90# is
sufficient, however, to rule out any rapid falloff with in-
creasing c.m. angle, and in fact the data are consistent only
with an ‘ transfer of at least ‘ ¼ 3, with ‘ ¼ 2 giving too
low a yield near 90# compared to that near 170#. Since
there are no ‘ ¼ 4 orbitals nearby in energy in the shell
model, an ‘ ¼ 3 transfer is deduced for the 4.03 MeV state.

The deduced ‘ transfers can be extended to spin assign-
ments using the observed !-ray decay scheme. The !-ray
spectrum obtained using a restricted gate on excitation
energy near 4 MeV is shown in Fig. 2(b). When the
quadruple-coincidence 25Ne-p-!-! data are analyzed, the
limited statistics are sufficient to demonstrate that a gate on
the 1.68 MeV peak highlights the peak at 2.35 MeV and,

similarly, a 2.35 MeV gate highlights the 1.68 MeV tran-
sition [19]. Such a cascade is of course expected for a
ð5=2&; 7=2&Þ ‘ ¼ 3 state, decaying via an ‘ ¼ 2 state,
and the cascade from a 7=2& state would select just the
5=2þ state. From simple shell-model considerations, the
lowest ‘ ¼ 3 state is expected to be 7=2&. Indeed, the
isotonic reaction 26Mgðd; pÞ27Mg [26] strongly populates
an ‘ ¼ 3 state at 3.76 MeV, which is assigned 7=2& and
decays via the 5=2þ state [27]. The combined evidence
implies that the 4.03 MeV state in 25Ne should be assigned
7=2& and also that the intermediate 1.68 MeV state in the
decay is 5=2þ. Furthermore, the reaction yield to the
1.68 MeV state is lower than that for the 2.03 MeV state
in 25Ne. This reinforces the 5=2þ assignment, since the
5=2þ hole state [naively, "ð1s21=2 ' 0d&1

5=2Þ] should be popu-
lated more weakly than the 3=2þ particle state ["ð0d3=2Þ],
as also observed in 27Mg [26]. By elimination, the ‘ ¼ 2
state at 2.03 MeV can be inferred to be the 3=2þ state
expected from systematics and shell-model considerations.
These arguments for the ‘ ¼ 2 states are all supported by

FIG. 2 (color online). Doppler-corrected !-ray energy spectra
recorded in coincidence with (a) all protons and (b) protons
populating the state in 25Ne at 4.03 MeV. (c) Levels in 25Ne.
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(d,p)	on	Ne	and	Na	isotopes

at GANIL. The beam impinged on a self-supporting target
of deuterated polythene ðCDÞ2 with thickness 1 mg=cm2.
The target was surrounded by TIARA [18,19], an array of
silicon detectors spanning 85% of 4!. The TIARA cover-
age from 36#–144# comprised an octagonal ‘‘barrel’’ of
position sensitive (resistive strip) detectors, 400 "m thick.
The most backward angles (144#–169#) were covered by
an array of 400 "m thick double-sided Si strip detectors.
In very close proximity to the target (50 mm) the front
faces of four EXOGAM segmented Ge detectors [20]
formed four sides of a cube spanning 66% of 4!. The
full-energy peak efficiency for #-ray detection was esti-
mated to be 15% at 1.0 MeV. During the experiment,
however, the Ge detectors were in operation for only a
fraction of the beam exposure. Beam particles and beam-
like reaction products emerging near zero degrees were
analyzed by the VAMOS magnetic spectrometer [21]. The
focal plane detectors gave Z identification by !E-E and
mass by time of flight [19]. The start signal for the timing
was provided by a thin (10 "m) plastic scintillator
mounted 0.5 m upstream of the reaction target. The data
acquisition was triggered if an event was recorded in any of
the TIARA silicon detectors. Any coincident event in
VAMOS was recorded and, in that case, also any further
coincident event in EXOGAM. Only the core signals [20]
from EXOGAM were available, limiting the accuracy of
the Doppler energy corrections for # rays emitted by the
beamlike particles ($ $ 0:1) to a FWHM of 65 keV at
1 MeV.

Products of 24Ne reacting with 12C in the target were
evident in the TIARA singles spectra of energy against
angle, comprising knockon 12C plus protons and % par-
ticles from fusion evaporation, but were eliminated by
requiring a beam or beamlike particle in VAMOS. The
elastically scattered deuterons were detected just forward
of 90# [22] in coincidence with scattered beam recorded in
VAMOS. These measurements provided an absolute nor-
malization of all the differential cross sections. Protons
from the ðd; pÞ reaction were recorded from the most
backward angles until the increasing energies resulted in
their penetrating the barrel near 95#. The protons corre-
sponding to the most forward c.m. angles were detected in
the double-sided Si strip detectors between 135# and 170#,

with improved energy resolution and lower energy thresh-
olds compared to the resistive strip detectors in the barrel.
The particles observed in TIARA in coincidence with

25Ne were used to calculate the 25Ne excitation energy,
according to the measured energies and angles and the
kinematics for ðd; pÞ. The resolution in excitation energy
was strongly angle dependent, owing to the target effects
and the detector resolution [23]. In total, eight angular bins
were used, including five in the barrel. Figure 1 shows
example excitation energy spectra. These were fitted with a
series of Gaussian peaks, using the #-ray data to identify
the peaks to be included and their energies. The #-ray
energy spectrum from all triple coincidence 25Ne-p-#
events, after Doppler correction, is displayed in Fig. 2(a).
Gamma-ray peaks were observed at energies of 1.68, 2.03,
2.35, and 3.33 MeV (% 0:04 MeV). As discussed below,
the # ray at 2.35 MeV is in cascade with that at 1.68 MeV,
suggesting a state at 4.03 MeV. With these four excitation
energies and the ground state fixed, the spectra for the
various angle bins were each fitted with five peaks of equal
(but angle-dependent) width.
The angular distributions from the ðd; pÞ reaction pop-

ulating states in 25Ne are shown in Fig. 3, together with
calculations using the adiabatic distorted wave approxima-
tion (ADWA) [24] with standard parameters that have been
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FIG. 1 (color online). Excitation energy spectra deduced from
protons detected at laboratory angles of (a) 109#, (b) 125#,
(c) 149#, (d) 164#.

TABLE I. Results for states in 25Ne. The measured excitation energies are compared with previous work, where the experimental
errors are 40 keV (present), of order 1 keV [7,13], 30 keV [14], and 50–80 keV [15]. States observed in the $-decay work but not
expected in transfer have been omitted, as have states at 4:7% 0:1 MeV [15] and 6:28% 0:05 MeV [14].

Ex(keV)
ðd; p#Þ
(present)

Ex(keV)
$-#
[13]

Ex(keV)
$-#
[7]

Ex(keV)
ð13C; 14OÞ

[14]

Ex(keV)
ð7Li; 8BÞ
[15]

‘ (@)
present

J! S
(present)

Ex(keV)
USD
[16]

S
USD

Ex(keV)
USD-A
[17]

S
USD-A

Ex(keV)
USD-B
[17]

S
USD-B

0 0 0 0 0 0 1=2þ 0.80 0 0.63 0 0.64 0 0.64
1680 1703 1702 1740 1650 2 5=2þ 0.15 1779 0.10 1850 0.10 1756 0.10
2030 2090 2030 2 3=2þ 0.44 1687 0.49 2042 0.42 2043 0.39
3330 3330 3250 1 3=2' 0.75
4030 4070 4050 3 7=2' 0.73
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shown to work well for comparisons with large-basis shell-
model calculations [6]. The nucleon-nucleus potential of
Bechetti-Greenlees was employed [25]. The elastic ðd; dÞ
cross section was measured [19] between 25# and 45#

(c.m.) simultaneously with the ðd; pÞ and fitted using opti-
cal potential parameters obtained from dþ 26Mg at
6A MeV [26]. This calibrated the product of beam expo-
sure and target thickness.

The angular distribution for transfer to the 25Ne ground
state exhibits a characteristic dip near 135# (17# in the c.m.
frame) indicating an ‘ ¼ 0 transfer. The angular distribu-
tions of the 1.68 and 2.03 MeV states are consistent only
with ‘ ¼ 2 transfer and are clearly different from that of
the ground state. The other strong peaks at 3.33 and
4.03 MeV are in a region where USD shell-model calcu-
lations (such as those included in Table I) predict little
transfer strength to positive parity states. For the 3.33 MeV
state, the falloff in yield with increasing c.m. angle (de-
creasing laboratory angle) is too rapid for high ‘ transfers
and implies ‘ ¼ 1. For the 4.03 MeV state, the experiment
provided only a lower limit on the cross section at some
angles. This resulted from the loss of some counts below
the energy threshold of the barrel detectors, which is
increasingly important near the end of the barrel (135#)
owing to the kinematics. The observed yield near 90# is
sufficient, however, to rule out any rapid falloff with in-
creasing c.m. angle, and in fact the data are consistent only
with an ‘ transfer of at least ‘ ¼ 3, with ‘ ¼ 2 giving too
low a yield near 90# compared to that near 170#. Since
there are no ‘ ¼ 4 orbitals nearby in energy in the shell
model, an ‘ ¼ 3 transfer is deduced for the 4.03 MeV state.

The deduced ‘ transfers can be extended to spin assign-
ments using the observed !-ray decay scheme. The !-ray
spectrum obtained using a restricted gate on excitation
energy near 4 MeV is shown in Fig. 2(b). When the
quadruple-coincidence 25Ne-p-!-! data are analyzed, the
limited statistics are sufficient to demonstrate that a gate on
the 1.68 MeV peak highlights the peak at 2.35 MeV and,

similarly, a 2.35 MeV gate highlights the 1.68 MeV tran-
sition [19]. Such a cascade is of course expected for a
ð5=2&; 7=2&Þ ‘ ¼ 3 state, decaying via an ‘ ¼ 2 state,
and the cascade from a 7=2& state would select just the
5=2þ state. From simple shell-model considerations, the
lowest ‘ ¼ 3 state is expected to be 7=2&. Indeed, the
isotonic reaction 26Mgðd; pÞ27Mg [26] strongly populates
an ‘ ¼ 3 state at 3.76 MeV, which is assigned 7=2& and
decays via the 5=2þ state [27]. The combined evidence
implies that the 4.03 MeV state in 25Ne should be assigned
7=2& and also that the intermediate 1.68 MeV state in the
decay is 5=2þ. Furthermore, the reaction yield to the
1.68 MeV state is lower than that for the 2.03 MeV state
in 25Ne. This reinforces the 5=2þ assignment, since the
5=2þ hole state [naively, "ð1s21=2 ' 0d&1

5=2Þ] should be popu-
lated more weakly than the 3=2þ particle state ["ð0d3=2Þ],
as also observed in 27Mg [26]. By elimination, the ‘ ¼ 2
state at 2.03 MeV can be inferred to be the 3=2þ state
expected from systematics and shell-model considerations.
These arguments for the ‘ ¼ 2 states are all supported by

FIG. 2 (color online). Doppler-corrected !-ray energy spectra
recorded in coincidence with (a) all protons and (b) protons
populating the state in 25Ne at 4.03 MeV. (c) Levels in 25Ne.
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Fig. 4. (Colour online.) Differential cross sections for the reaction d(25Na, p) at 5.0 MeV/nucleon. The results of ADWA reaction calculations are also shown, normalised to the 
data, for the angular momentum transfers indicated and listed in Table 1 (dashed line = fit with single angular momentum, labelled as L or as L1 where another fit is also 
shown, full line = sum of two contributions L1 and L2).

of the f p-shell orbitals. In fact, earlier work by Bender and cowork-
ers also applied a similar interaction called WBP-a that improved 
the agreement with the shell model for states in nearby (and only 
slightly higher Z ) isotopes of Al [42] and P [43,44]. Excitation 
energies for the WBP-M and USD-A calculations were computed 
relative to the (positive parity) ground state calculated with the 
same interaction. The association of experimentally observed states 
with shell model states, indicated in Table 1 and Fig. 5, was based 
on the observed L-transfer, the excitation energy and the gamma-
decay selectivity (Fig. 6) as discussed below.

Above ∼2.5 MeV excitation, no states of positive parity are 
expected to be strongly populated, according to the shell model 
calculations. The states seen here at higher energies are therefore 
likely to have negative parity. Of these, the most easily identified 
is the strongly populated state at 3.511 MeV which is observed to 
have a yield dominated by L = 1 neutron transfer at large labo-
ratory angles (Fig. 4). The only observed gamma-decay branch for 
this state is to the 3+ ground state, in line with the favoured de-
cay pattern for the lowest 4− state in the isotone 28Al [38]. This 
state is thus assigned to be the 4−

1 state in 26Na.
There are two strongly populated higher lying levels that 

gamma-decay via the 3.511 MeV level (Fig. 6). In terms of pre-
dicted levels in this energy range, the obvious candidates are the 
lowest 5− and 6− states (Table 1). These could reasonably be ex-
pected to gamma-decay via the 4− state, according to the pattern 
observed [39] in 28Al.

The decays of both the proposed 5− and 6− states proceed in 
part (20% and 31% respectively [28]) via the state at 2.116 MeV. 
Given that this level is populated via an L = 2 transfer (Fig. 4) and 
that it is fed by these higher lying negative parity states, it has a 
likely Jπ assignment of greater than 4, and a comparison of pos-
sible spins with shell model calculations indicates an assignment 
of 5+ (supported by both the energy and the weak spectroscopic 
factor). Indeed, there is an analogous state at 2.581 MeV in 28Al, 
perhaps weakly populated in the decay of the 6− state [39], that 
has a 5+ assignment [45,46].

The two reasonably strong states seen just below the 4− are 
most naturally associated with the 2− and 3− states predicted in 
the shell model (see Table 1). In particular, the identification of the 
3− at 3.135 MeV is confirmed by its gamma-decay branch to the 
lowest lying 1+ state at 1.507 MeV as occurs in 28Al (Table 28.6 
of ref. [46]). This is further supported by the mixed L1 = 1 plus 
L2 = 3 differential cross section (Fig. 4).

Fig. 5. (Colour online.) Level scheme of 26Na as deduced from the present work 
compared to the results of shell model calculations employing the USD-A and 
WBP-M interactions (see text). The lengths of the coloured lines correspond to the 
spectroscopic factors as follows: red s-wave, blue p-wave, green d-wave, orange 
f -wave.
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data, for the angular momentum transfers indicated and listed in Table 1 (dashed line = fit with single angular momentum, labelled as L or as L1 where another fit is also 
shown, full line = sum of two contributions L1 and L2).
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Fig. 4. (Colour online.) Differential cross sections for the reaction d(25Na, p) at 5.0 MeV/nucleon. The results of ADWA reaction calculations are also shown, normalised to the 
data, for the angular momentum transfers indicated and listed in Table 1 (dashed line = fit with single angular momentum, labelled as L or as L1 where another fit is also 
shown, full line = sum of two contributions L1 and L2).
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ers also applied a similar interaction called WBP-a that improved 
the agreement with the shell model for states in nearby (and only 
slightly higher Z ) isotopes of Al [42] and P [43,44]. Excitation 
energies for the WBP-M and USD-A calculations were computed 
relative to the (positive parity) ground state calculated with the 
same interaction. The association of experimentally observed states 
with shell model states, indicated in Table 1 and Fig. 5, was based 
on the observed L-transfer, the excitation energy and the gamma-
decay selectivity (Fig. 6) as discussed below.

Above ∼2.5 MeV excitation, no states of positive parity are 
expected to be strongly populated, according to the shell model 
calculations. The states seen here at higher energies are therefore 
likely to have negative parity. Of these, the most easily identified 
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likely Jπ assignment of greater than 4, and a comparison of pos-
sible spins with shell model calculations indicates an assignment 
of 5+ (supported by both the energy and the weak spectroscopic 
factor). Indeed, there is an analogous state at 2.581 MeV in 28Al, 
perhaps weakly populated in the decay of the 6− state [39], that 
has a 5+ assignment [45,46].
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most naturally associated with the 2− and 3− states predicted in 
the shell model (see Table 1). In particular, the identification of the 
3− at 3.135 MeV is confirmed by its gamma-decay branch to the 
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26Ne(d,p)
● Angular	distributions:

efficiency	correction
for coincidences
as	function	of	the	spin

● Ground-state	selection:	E*<200	keV
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was employed to detect the protons. The angles from 36◦ to
144◦ were spanned by an octagonal “barrel” of detectors and
the angles from 144◦ to 169◦ were covered by an annular
array. Four segmented EXOGAM Ge clover detectors [17],
located at 90◦, surrounded the target at a distance of 54 mm.
The photopeak efficiency for γ -ray detection was 10(1)% at
800 keV. Identification of the beamlike reaction products was
achieved by measuring their trajectory, energy loss, and time
of flight using the VAMOS magnetic spectrometer [18]. A
detailed description of the setup may be found in Ref. [16].

Elastically scattered deuterons were detected forward of
90◦ [19] in coincidence with 26Ne events in VAMOS. As
in our earlier experiments [9,20] the normalization of the
differential cross sections was obtained by fitting the deuteron
elastic scattering data to optical model calculations using
parameters from Ref. [21]. Protons from the (d, p) reaction
populating bound states in 27Ne were selected by requiring a
27Ne coincidence in VAMOS. The measurements of the energy
and angle of the protons in TIARA were used to calculate the
excitation energy in 27Ne.

The excitation energy resolution at backward angles, where
the proton energy was lowest, was limited by the proton
energy loss in the target. According to simulations using
GEANT4 [22], the 1.20 mg/cm2 target limited the excitation
energy resolution to 630 keV (FWHM) at the backward
angles. The resolution was worse (1 MeV) at the forward
angles where the limitation was due to the protons not being
stopped [23]. Thus, it was not possible to resolve the bound
states in 27Ne using only the data recorded with TIARA and
a gate on the γ rays measured in EXOGAM was necessary to
select individual states. Figure 1 shows the Doppler-corrected
EXOGAM spectrum in coincidence with 27Ne. The peak
measured at 767(2) keV corresponds to the decay of the 3/2−

level at 765 keV, while the counts observed at 894(13) keV
arise from the 1/2+ state at 885 keV [10,11].

The spectroscopic factor of the 765-keV state was deduced
by scaling a theoretical calculation (see below) to the proton
angular distribution obtained by gating on the 765-keV γ -ray
transition. The data were corrected for the γ -ray photopeak

 (keV)γE
0 200 400 600 800 1000 1200

C
ou

nt
s 

/ 6
 k

eV

0

5

10

15

20

1430

885
765

0

ns
+1/2-3/2

+3/2

 (keV)xE

FIG. 1. Doppler-corrected energy spectrum of γ rays measured in
coincidence with 27Ne. The strong peak corresponds to de-excitation
of the 3/2− state at 765 keV, whereas the counts around 890 keV arise
from the 1/2+ state at 885 keV. The Compton edge of the 765-keV
peak is at 573 keV.

efficiency in EXOGAM, the Lorentz boost to the γ -ray angular
distribution [β(27Ne) = 0.13c], and the geometric efficiency
of TIARA. The correction for the γ -ray efficiency is the
same for each proton angle bin if the γ rays are emitted
isotropically (as is the case for decays of the 1/2+ state at
885 keV). In general, the γ -ray distribution is anisotropic and
the details depend on the multipolarity of the radiation and
on the magnetic substate populations of the level. These vary
with proton angle. Reaction cross sections were calculated
using the adiabatic distorted wave approximation (ADWA)
method [24] for zero range with standard parameters that
have been demonstrated to produce spectroscopic factors
consistent with large-basis shell-model calculations [25].
The CH89 [27] phenomenological nucleon-nucleus optical
potentials were used for the n + p system in the incident
channel and the proton in the exit channel [25]. Using the
calculated magnetic substate distributions and the formalism
of Ref. [28], deviations of up to 15% in the coincidence
efficiency (relative to isotropic γ emission) were calculated
for individual proton angle bins [23]. This correction for the
γ -ray efficiency is intrinsically dependent on the assumed
spin in 27Ne. Figure 2 shows the 765-keV γ -ray-gated data
with efficiency corrections calculated assuming four different
spins for the final state in 27Ne. Proton bins of equal width
in laboratory angle were employed in the regions 35◦–85◦,
95◦–135◦, and 150◦–165◦. The best fit is for the 3/2− ADWA
calculation, with a spectroscopic factor of 0.64(33). The error
of ∼50% is dominated by the limited statistics for this p-γ
coincidence data. The next best fit is for ℓ = 2 but the presence
of a second 3/2+ state, or indeed a strong 5/2+ state, so close
to the ground state is contrary to any theoretical expectations.
Thus, a spin of 3/2− was deduced for the 765-keV state.

FIG. 2. (Color online) Proton angular distributions gated on 765-
keV γ rays, corrected for γ -ray coincidence efficiency according to
different assumptions for the final state (see text): (a) J π = 1/2+

(ℓ = 0), (b) 3/2− (ℓ = 1), (c) 3/2+ (ℓ = 2), and (d) 7/2− (ℓ = 3). A
transfer of ℓ = 1 is deduced.
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the proton energy was lowest, was limited by the proton
energy loss in the target. According to simulations using
GEANT4 [22], the 1.20 mg/cm2 target limited the excitation
energy resolution to 630 keV (FWHM) at the backward
angles. The resolution was worse (1 MeV) at the forward
angles where the limitation was due to the protons not being
stopped [23]. Thus, it was not possible to resolve the bound
states in 27Ne using only the data recorded with TIARA and
a gate on the γ rays measured in EXOGAM was necessary to
select individual states. Figure 1 shows the Doppler-corrected
EXOGAM spectrum in coincidence with 27Ne. The peak
measured at 767(2) keV corresponds to the decay of the 3/2−

level at 765 keV, while the counts observed at 894(13) keV
arise from the 1/2+ state at 885 keV [10,11].

The spectroscopic factor of the 765-keV state was deduced
by scaling a theoretical calculation (see below) to the proton
angular distribution obtained by gating on the 765-keV γ -ray
transition. The data were corrected for the γ -ray photopeak
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FIG. 1. Doppler-corrected energy spectrum of γ rays measured in
coincidence with 27Ne. The strong peak corresponds to de-excitation
of the 3/2− state at 765 keV, whereas the counts around 890 keV arise
from the 1/2+ state at 885 keV. The Compton edge of the 765-keV
peak is at 573 keV.

efficiency in EXOGAM, the Lorentz boost to the γ -ray angular
distribution [β(27Ne) = 0.13c], and the geometric efficiency
of TIARA. The correction for the γ -ray efficiency is the
same for each proton angle bin if the γ rays are emitted
isotropically (as is the case for decays of the 1/2+ state at
885 keV). In general, the γ -ray distribution is anisotropic and
the details depend on the multipolarity of the radiation and
on the magnetic substate populations of the level. These vary
with proton angle. Reaction cross sections were calculated
using the adiabatic distorted wave approximation (ADWA)
method [24] for zero range with standard parameters that
have been demonstrated to produce spectroscopic factors
consistent with large-basis shell-model calculations [25].
The CH89 [27] phenomenological nucleon-nucleus optical
potentials were used for the n + p system in the incident
channel and the proton in the exit channel [25]. Using the
calculated magnetic substate distributions and the formalism
of Ref. [28], deviations of up to 15% in the coincidence
efficiency (relative to isotropic γ emission) were calculated
for individual proton angle bins [23]. This correction for the
γ -ray efficiency is intrinsically dependent on the assumed
spin in 27Ne. Figure 2 shows the 765-keV γ -ray-gated data
with efficiency corrections calculated assuming four different
spins for the final state in 27Ne. Proton bins of equal width
in laboratory angle were employed in the regions 35◦–85◦,
95◦–135◦, and 150◦–165◦. The best fit is for the 3/2− ADWA
calculation, with a spectroscopic factor of 0.64(33). The error
of ∼50% is dominated by the limited statistics for this p-γ
coincidence data. The next best fit is for ℓ = 2 but the presence
of a second 3/2+ state, or indeed a strong 5/2+ state, so close
to the ground state is contrary to any theoretical expectations.
Thus, a spin of 3/2− was deduced for the 765-keV state.

FIG. 2. (Color online) Proton angular distributions gated on 765-
keV γ rays, corrected for γ -ray coincidence efficiency according to
different assumptions for the final state (see text): (a) J π = 1/2+

(ℓ = 0), (b) 3/2− (ℓ = 1), (c) 3/2+ (ℓ = 2), and (d) 7/2− (ℓ = 3). A
transfer of ℓ = 1 is deduced.
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5.2 Analysis of 26Ne(d,p)27Ne data

Figure 5.9a shows the proton spectrum in TIARA for the 27Ne coincidences in VAMOS.

Superimposed onto the data are calculated kinematics loci for the ground state and the

intruder state at 765 keV excitation energy with target and dead layer energy losses taken

into account. The gap in the yield around the 90◦ region is due to shadowing by the

target frame. The region between 85◦ and 95◦ will be ignored in the subsequent analysis

due to interference of the target frame. Figure 5.9b shows the excitation energy spectrum

obtained from the energy and angle information of the protons in the Barrel in the angle

range 100◦ < θ < 140◦. It is clear from both plots that individual states are not

resolvable, as was predicted in the GEANT4 simulations.
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(a) Measured proton kinematics.
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(b) Excitation energy.

Figure 5.9: a) Measured proton kinematics in the Barrel for 27Ne coincidences. The red and
green lines represent kinematics calculations for ground state and 765 keV state respectively. b)
Excitation energy spectrum for events backward of 100◦ calculated from the measured proton
energy and angle.

5.2.1 Measurements of Gamma-Gated States in 27Ne

The γ-ray spectrum gives a much clearer picture of the bound states populated in 27Ne, as

is seen in Figure 5.10. The most intense peak is the known 3/2− state at 765 keV. A small

contribution of the previously measured 1/2+ hole state at 885 keV can also be seen. The

peak-like structure just below 600 keV is actually the Compton edge of the 765 keV peak.

The large angle coverage of EXOGAM (θ = 45◦-135◦) produces a Doppler broadening of

54 keV either side of the real Compton edge at 573 keV.
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was employed to detect the protons. The angles from 36◦ to
144◦ were spanned by an octagonal “barrel” of detectors and
the angles from 144◦ to 169◦ were covered by an annular
array. Four segmented EXOGAM Ge clover detectors [17],
located at 90◦, surrounded the target at a distance of 54 mm.
The photopeak efficiency for γ -ray detection was 10(1)% at
800 keV. Identification of the beamlike reaction products was
achieved by measuring their trajectory, energy loss, and time
of flight using the VAMOS magnetic spectrometer [18]. A
detailed description of the setup may be found in Ref. [16].

Elastically scattered deuterons were detected forward of
90◦ [19] in coincidence with 26Ne events in VAMOS. As
in our earlier experiments [9,20] the normalization of the
differential cross sections was obtained by fitting the deuteron
elastic scattering data to optical model calculations using
parameters from Ref. [21]. Protons from the (d, p) reaction
populating bound states in 27Ne were selected by requiring a
27Ne coincidence in VAMOS. The measurements of the energy
and angle of the protons in TIARA were used to calculate the
excitation energy in 27Ne.

The excitation energy resolution at backward angles, where
the proton energy was lowest, was limited by the proton
energy loss in the target. According to simulations using
GEANT4 [22], the 1.20 mg/cm2 target limited the excitation
energy resolution to 630 keV (FWHM) at the backward
angles. The resolution was worse (1 MeV) at the forward
angles where the limitation was due to the protons not being
stopped [23]. Thus, it was not possible to resolve the bound
states in 27Ne using only the data recorded with TIARA and
a gate on the γ rays measured in EXOGAM was necessary to
select individual states. Figure 1 shows the Doppler-corrected
EXOGAM spectrum in coincidence with 27Ne. The peak
measured at 767(2) keV corresponds to the decay of the 3/2−

level at 765 keV, while the counts observed at 894(13) keV
arise from the 1/2+ state at 885 keV [10,11].

The spectroscopic factor of the 765-keV state was deduced
by scaling a theoretical calculation (see below) to the proton
angular distribution obtained by gating on the 765-keV γ -ray
transition. The data were corrected for the γ -ray photopeak
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FIG. 1. Doppler-corrected energy spectrum of γ rays measured in
coincidence with 27Ne. The strong peak corresponds to de-excitation
of the 3/2− state at 765 keV, whereas the counts around 890 keV arise
from the 1/2+ state at 885 keV. The Compton edge of the 765-keV
peak is at 573 keV.

efficiency in EXOGAM, the Lorentz boost to the γ -ray angular
distribution [β(27Ne) = 0.13c], and the geometric efficiency
of TIARA. The correction for the γ -ray efficiency is the
same for each proton angle bin if the γ rays are emitted
isotropically (as is the case for decays of the 1/2+ state at
885 keV). In general, the γ -ray distribution is anisotropic and
the details depend on the multipolarity of the radiation and
on the magnetic substate populations of the level. These vary
with proton angle. Reaction cross sections were calculated
using the adiabatic distorted wave approximation (ADWA)
method [24] for zero range with standard parameters that
have been demonstrated to produce spectroscopic factors
consistent with large-basis shell-model calculations [25].
The CH89 [27] phenomenological nucleon-nucleus optical
potentials were used for the n + p system in the incident
channel and the proton in the exit channel [25]. Using the
calculated magnetic substate distributions and the formalism
of Ref. [28], deviations of up to 15% in the coincidence
efficiency (relative to isotropic γ emission) were calculated
for individual proton angle bins [23]. This correction for the
γ -ray efficiency is intrinsically dependent on the assumed
spin in 27Ne. Figure 2 shows the 765-keV γ -ray-gated data
with efficiency corrections calculated assuming four different
spins for the final state in 27Ne. Proton bins of equal width
in laboratory angle were employed in the regions 35◦–85◦,
95◦–135◦, and 150◦–165◦. The best fit is for the 3/2− ADWA
calculation, with a spectroscopic factor of 0.64(33). The error
of ∼50% is dominated by the limited statistics for this p-γ
coincidence data. The next best fit is for ℓ = 2 but the presence
of a second 3/2+ state, or indeed a strong 5/2+ state, so close
to the ground state is contrary to any theoretical expectations.
Thus, a spin of 3/2− was deduced for the 765-keV state.

FIG. 2. (Color online) Proton angular distributions gated on 765-
keV γ rays, corrected for γ -ray coincidence efficiency according to
different assumptions for the final state (see text): (a) J π = 1/2+

(ℓ = 0), (b) 3/2− (ℓ = 1), (c) 3/2+ (ℓ = 2), and (d) 7/2− (ℓ = 3). A
transfer of ℓ = 1 is deduced.
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was employed to detect the protons. The angles from 36◦ to
144◦ were spanned by an octagonal “barrel” of detectors and
the angles from 144◦ to 169◦ were covered by an annular
array. Four segmented EXOGAM Ge clover detectors [17],
located at 90◦, surrounded the target at a distance of 54 mm.
The photopeak efficiency for γ -ray detection was 10(1)% at
800 keV. Identification of the beamlike reaction products was
achieved by measuring their trajectory, energy loss, and time
of flight using the VAMOS magnetic spectrometer [18]. A
detailed description of the setup may be found in Ref. [16].

Elastically scattered deuterons were detected forward of
90◦ [19] in coincidence with 26Ne events in VAMOS. As
in our earlier experiments [9,20] the normalization of the
differential cross sections was obtained by fitting the deuteron
elastic scattering data to optical model calculations using
parameters from Ref. [21]. Protons from the (d, p) reaction
populating bound states in 27Ne were selected by requiring a
27Ne coincidence in VAMOS. The measurements of the energy
and angle of the protons in TIARA were used to calculate the
excitation energy in 27Ne.

The excitation energy resolution at backward angles, where
the proton energy was lowest, was limited by the proton
energy loss in the target. According to simulations using
GEANT4 [22], the 1.20 mg/cm2 target limited the excitation
energy resolution to 630 keV (FWHM) at the backward
angles. The resolution was worse (1 MeV) at the forward
angles where the limitation was due to the protons not being
stopped [23]. Thus, it was not possible to resolve the bound
states in 27Ne using only the data recorded with TIARA and
a gate on the γ rays measured in EXOGAM was necessary to
select individual states. Figure 1 shows the Doppler-corrected
EXOGAM spectrum in coincidence with 27Ne. The peak
measured at 767(2) keV corresponds to the decay of the 3/2−

level at 765 keV, while the counts observed at 894(13) keV
arise from the 1/2+ state at 885 keV [10,11].

The spectroscopic factor of the 765-keV state was deduced
by scaling a theoretical calculation (see below) to the proton
angular distribution obtained by gating on the 765-keV γ -ray
transition. The data were corrected for the γ -ray photopeak
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FIG. 1. Doppler-corrected energy spectrum of γ rays measured in
coincidence with 27Ne. The strong peak corresponds to de-excitation
of the 3/2− state at 765 keV, whereas the counts around 890 keV arise
from the 1/2+ state at 885 keV. The Compton edge of the 765-keV
peak is at 573 keV.

efficiency in EXOGAM, the Lorentz boost to the γ -ray angular
distribution [β(27Ne) = 0.13c], and the geometric efficiency
of TIARA. The correction for the γ -ray efficiency is the
same for each proton angle bin if the γ rays are emitted
isotropically (as is the case for decays of the 1/2+ state at
885 keV). In general, the γ -ray distribution is anisotropic and
the details depend on the multipolarity of the radiation and
on the magnetic substate populations of the level. These vary
with proton angle. Reaction cross sections were calculated
using the adiabatic distorted wave approximation (ADWA)
method [24] for zero range with standard parameters that
have been demonstrated to produce spectroscopic factors
consistent with large-basis shell-model calculations [25].
The CH89 [27] phenomenological nucleon-nucleus optical
potentials were used for the n + p system in the incident
channel and the proton in the exit channel [25]. Using the
calculated magnetic substate distributions and the formalism
of Ref. [28], deviations of up to 15% in the coincidence
efficiency (relative to isotropic γ emission) were calculated
for individual proton angle bins [23]. This correction for the
γ -ray efficiency is intrinsically dependent on the assumed
spin in 27Ne. Figure 2 shows the 765-keV γ -ray-gated data
with efficiency corrections calculated assuming four different
spins for the final state in 27Ne. Proton bins of equal width
in laboratory angle were employed in the regions 35◦–85◦,
95◦–135◦, and 150◦–165◦. The best fit is for the 3/2− ADWA
calculation, with a spectroscopic factor of 0.64(33). The error
of ∼50% is dominated by the limited statistics for this p-γ
coincidence data. The next best fit is for ℓ = 2 but the presence
of a second 3/2+ state, or indeed a strong 5/2+ state, so close
to the ground state is contrary to any theoretical expectations.
Thus, a spin of 3/2− was deduced for the 765-keV state.

FIG. 2. (Color online) Proton angular distributions gated on 765-
keV γ rays, corrected for γ -ray coincidence efficiency according to
different assumptions for the final state (see text): (a) J π = 1/2+

(ℓ = 0), (b) 3/2− (ℓ = 1), (c) 3/2+ (ℓ = 2), and (d) 7/2− (ℓ = 3). A
transfer of ℓ = 1 is deduced.
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5.2 Analysis of 26Ne(d,p)27Ne data

Figure 5.9a shows the proton spectrum in TIARA for the 27Ne coincidences in VAMOS.

Superimposed onto the data are calculated kinematics loci for the ground state and the

intruder state at 765 keV excitation energy with target and dead layer energy losses taken

into account. The gap in the yield around the 90◦ region is due to shadowing by the

target frame. The region between 85◦ and 95◦ will be ignored in the subsequent analysis

due to interference of the target frame. Figure 5.9b shows the excitation energy spectrum

obtained from the energy and angle information of the protons in the Barrel in the angle

range 100◦ < θ < 140◦. It is clear from both plots that individual states are not

resolvable, as was predicted in the GEANT4 simulations.
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(a) Measured proton kinematics.
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(b) Excitation energy.

Figure 5.9: a) Measured proton kinematics in the Barrel for 27Ne coincidences. The red and
green lines represent kinematics calculations for ground state and 765 keV state respectively. b)
Excitation energy spectrum for events backward of 100◦ calculated from the measured proton
energy and angle.

5.2.1 Measurements of Gamma-Gated States in 27Ne

The γ-ray spectrum gives a much clearer picture of the bound states populated in 27Ne, as

is seen in Figure 5.10. The most intense peak is the known 3/2− state at 765 keV. A small

contribution of the previously measured 1/2+ hole state at 885 keV can also be seen. The

peak-like structure just below 600 keV is actually the Compton edge of the 765 keV peak.

The large angle coverage of EXOGAM (θ = 45◦-135◦) produces a Doppler broadening of

54 keV either side of the real Compton edge at 573 keV.
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TABLE I. Comparison between experimental and calculated (see
text) excitation energies and spectroscopic factors for states in 27Ne.
Experimental excitation energies are from [10] except for the 1.74-
MeV state (present work). For C2S, the errors include uncertainties
from the reaction model.

J π E∗
exp E∗

WBP -M C2S

(MeV) (MeV) Ref. [10] Present WBP-M

3/2+ 0 0 0.2(2) 0.42(22) 0.63
3/2− 0.765 0.809 0.6(2) 0.64(33) 0.67
1/2+ 0.885 0.869 0.3(1) 0.17(14) 0.17
7/2− 1.74 1.686 – 0.35(10) 0.40

The γ -ray statistics for the 885-keV 1/2+ state gave an
uncertainty of more than 80% in the magnitude of the (d, p)
yield and a spectroscopic factor of 0.17(14) was deduced [23].
The spectroscopic factors for both bound excited states are
in agreement with previous measurements (Table I). The
quoted errors include contributions from counting statistics,
an absolute normalization uncertainty of 10%, and an esti-
mated 20% uncertainty in the reaction modeling (including
∼15% variation between calculations employing Becchetti-
Greenlees [26] or Chapel Hill [29] nucleon-nucleus potentials
in the ADWA). For the 1/2+ and 3/2− states, the errors also
include a 10% uncertainty in the γ -ray photopeak coincidence
efficiency.

In order to study the ground-state angular distribution,
a gate on excitation energy (Ex < 200 keV) was used to
exclude the known bound excited states. The corresponding
angular distribution for 27Ne coincidences showed a clear
signature for ℓ = 2 transfer [23]. Further, if the 765- and
885-keV yields (after correcting for the γ -ray efficiency) are
subtracted from the total proton yield in coincidence with
27Ne, the resulting angular distribution is best reproduced
by a 3/2+ (ℓ = 2) calculation. This gives a spectroscopic
factor for the ground state of 0.42(22), in agreement with
the previous transfer measurement [10] (Table I). Therefore,
no bound states other than those observed are required by the
present data. This conclusion is supported by the shell-model
calculations, discussed below, that best describe all of the states
seen here.

Protons from (d, p) reactions to unbound states in 27Ne
were also observed, in coincidence with 26Ne in VAMOS. In
the region forward of 90◦ in the laboratory, protons arising
from d(26Ne, p) could be distinguished from the protons
and deuterons arising from elastic scattering (both present
in the target) by evaluating the missing momentum. That
is, the combined momentum of the light ejectile recorded
in TIARA and the recoil in VAMOS was compared to that
of the incident beam. For 27Ne∗ →26Ne + n, the momentum
of the undetected neutron was sufficiently well defined to
resolve these events from elastic scattering [23]. The energies
of protons populating unbound states in 27Ne were below the
discriminator thresholds in the annular array, so only data from
the barrel were used.

A background arising from direct breakup to the 26Ne +
n + p three-body final state may in principle contribute to

the spectra for the d(26Ne, p)27Ne∗ → 26Ne + n channel.
As detailed in Ref. [23], this contribution was simulated
by randomly sampling the available three-body phase space
and including experimental resolutions and the same sorting
restrictions as applied to the data. The simulated breakup
contribution was scaled so that it did not exceed the observed
yield at any angle. As expected, the breakup contribution was
largest at forward laboratory angles and negligible at backward
angles (Fig. 3). The data exhibit an isolated peak at 1.74(9)
MeV. Additional counts at higher energy could represent a
single state or indeed the combined contributions of many.
However, the effect of the detection thresholds in the TIARA
barrel is to progressively exclude counts for Ex > 4 MeV,
giving the appearance of a peak. This progressive cutoff is also
present in the forward angle data, but the kinematics dictate
that the low proton energy threshold corresponds to higher
excitation energies for these angles. The width of the peak
at 1.74 MeV was dominated by the experimental resolution,
which was obtained from simulations [FWHM = 0.95 MeV
for Fig. 3(b)] [23]. A Gaussian of this width was convolved
with a Breit-Wigner shape for which the width was a fitted
parameter, with the result that $ was consistent with zero and
$ < 0.46 MeV (2σ limit). The angular distribution is shown
in Fig. 4, where the uncertainties include those arising from
the normalization of the direct breakup contribution. Proton
bins of equal width in laboratory angle were employed in

FIG. 3. (Color online) Excitation energy spectra in the (a) forward
and (b) backward angular regions of the barrel. The fits included
Gaussian peaks (see text) and a contribution from direct breakup
(shaded).
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FIG. 4. (Color online) Proton angular distribution for the un-
bound state at 1.74-MeV excitation energy, compared to ADWA
theory. The J π values used for different ℓ follow simple shell-model
expectations. Error bars are statistical only.

the regions 45◦–75◦ and 100◦–140◦. Importantly, the apparent
higher energy peak does not have an appreciable effect on the
angular distribution.

Through comparison with ADWA calculations (Fig. 4), the
transferred angular momentum for the 1.74-MeV state was
deduced to be ℓ = 3. The calculations employed the method of
Vincent and Fortune [29,30] for unbound states. An alternative
analysis using a “slightly bound” form factor [31] gives
essentially identical results. From a shell-model perspective
(see below), the lowest lying ℓ = 3 state (by at least 1 MeV) is
predicted to be the first 7/2− level as driven primarily by the
single-particle energies. A 7/2− assignment is thus inferred
and, as such, a spectroscopic factor of 0.35(10) is deduced.
The method of Vincent and Fortune gives the natural width of
the state to be 3.5(10) keV, which is negligibly small compared
to the experimental resolution.

Figure 5 displays the experimental 27Ne level scheme
compared to shell-model calculations. The SDPF-M [15]
interaction, in which the monopole matrix elements were
modified to produce the drip line for the oxygen isotopes,
fails completely in reproducing the energy of the 7/2− state.
Furthermore, the ordering of the negative-parity states is not
predicted correctly. This follows a similar failure for 25Ne
[9,11] and the isotone 29Mg [8].

In Ref. [32] the WBP Hamiltonian was developed for the
mass region A = 10–20 in the 0s-0p-0d-1s-0f -1p model
space. The 1s-0d part of the interaction is the USD Hamil-
tonian [33]. The data considered in Ref. [32] were mainly for
configurations dominated by the 0p, 0d, and 1s orbitals. The
0f -1p shell was added in order to account for spurious states.
As discussed in Ref. [32], the 1p3/2 single-particle energy was
determined from the strength distribution of 2− states in the
19F(d, p)20F reaction, and the 0f7/2 single-particle energy was
determined from the strength distribution of 6− states in the
20Ne(p, n)20Na reaction. The WBP calculations presented in
this work allowed for a maximum of 1h̄ω excitations across a
shell gap. Therefore, positive-parity states are simply USD
calculations. When the WBP interaction is used for 27Ne,
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FIG. 5. (Color online) Level scheme for 27Ne. The measurements
(Table I) are compared to shell-model calculations using different
interactions, including the WBP-M, which incorporates a shift of
−0.7 MeV (see text).

the lowest 3/2− and 7/2− states have configurations that
are dominated by one neutron occupying the 1p3/2 and 0f7/2
orbitals, respectively. Although the ordering of the negative-
parity states is reproduced, the energies of these states are about
0.7 MeV too high compared to the present experiment (Fig. 5).
We have, therefore, implemented calculations employing a
modified WBP Hamiltonian (WBP-M) in which the energies of
the 0f -1p shell orbitals are lowered relative to the 1s-0d shell.
The level scheme for 27Ne with a lowering of 0.7 MeV is shown
in Fig. 5 and the spectroscopic factors are given in Table I.
The WBP and WBP-M calculations give essentially identical
spectroscopic factors whereas the latter better reproduces the
excitation energies of the negative-parity states.

Comparison was also made for these states in the adja-
cent nuclei 25Ne and 29Mg. The ordering of the negative-
parity states was again correctly predicted with the WBP
Hamiltonian, but a shift of −1.0 MeV was required to
reproduce the excitation energies (in 29Mg) and the spacing
between the 3/2+

1 and the negative-parity states (in 25Ne),
as shown in Fig. 6. The spectroscopic factors were again
essentially unchanged by the energy shift. Since the 3/2+

1
state lies higher than the USD prediction (by ∼0.3 MeV) in
25Ne [9], this effect may account for up to half of the level
shift applied in the WBP-M interaction. Relative to 27Ne, the
addition of two protons (29Mg) reduces the experimentally
observed gap between the 3/2− and 7/2− states from 975 to
336 keV. The removal of two neutrons (25Ne) reduces the gap
to 700 keV. In the more exotic nucleus 31Mg, the gap reduces to
just 240 keV [35]. The WBP-M prediction is 603 keV, whereas
the sd-pf calculations of Ref. [35], finely tuned to 31Mg,
predict 150 keV. The WBP-M calculations cannot, however,
be used to extend the Fig. 6 systematics to include 31Mg, as the
low-lying positive-parity states (including the 3/2+

1 state) are
dominated by 2p-2h configurations [35], which are beyond
the scope of the present model.

In summary, the N = 20 shell gap in neutron-rich nuclei
has been investigated by studying the single-particle strength
in 27Ne. In particular, the lower of two intruder states,
at 765 keV, has been identified as 3/2−, which confirms
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TABLE I. Comparison between experimental and calculated (see
text) excitation energies and spectroscopic factors for states in 27Ne.
Experimental excitation energies are from [10] except for the 1.74-
MeV state (present work). For C2S, the errors include uncertainties
from the reaction model.

J π E∗
exp E∗

WBP -M C2S

(MeV) (MeV) Ref. [10] Present WBP-M

3/2+ 0 0 0.2(2) 0.42(22) 0.63
3/2− 0.765 0.809 0.6(2) 0.64(33) 0.67
1/2+ 0.885 0.869 0.3(1) 0.17(14) 0.17
7/2− 1.74 1.686 – 0.35(10) 0.40

The γ -ray statistics for the 885-keV 1/2+ state gave an
uncertainty of more than 80% in the magnitude of the (d, p)
yield and a spectroscopic factor of 0.17(14) was deduced [23].
The spectroscopic factors for both bound excited states are
in agreement with previous measurements (Table I). The
quoted errors include contributions from counting statistics,
an absolute normalization uncertainty of 10%, and an esti-
mated 20% uncertainty in the reaction modeling (including
∼15% variation between calculations employing Becchetti-
Greenlees [26] or Chapel Hill [29] nucleon-nucleus potentials
in the ADWA). For the 1/2+ and 3/2− states, the errors also
include a 10% uncertainty in the γ -ray photopeak coincidence
efficiency.

In order to study the ground-state angular distribution,
a gate on excitation energy (Ex < 200 keV) was used to
exclude the known bound excited states. The corresponding
angular distribution for 27Ne coincidences showed a clear
signature for ℓ = 2 transfer [23]. Further, if the 765- and
885-keV yields (after correcting for the γ -ray efficiency) are
subtracted from the total proton yield in coincidence with
27Ne, the resulting angular distribution is best reproduced
by a 3/2+ (ℓ = 2) calculation. This gives a spectroscopic
factor for the ground state of 0.42(22), in agreement with
the previous transfer measurement [10] (Table I). Therefore,
no bound states other than those observed are required by the
present data. This conclusion is supported by the shell-model
calculations, discussed below, that best describe all of the states
seen here.

Protons from (d, p) reactions to unbound states in 27Ne
were also observed, in coincidence with 26Ne in VAMOS. In
the region forward of 90◦ in the laboratory, protons arising
from d(26Ne, p) could be distinguished from the protons
and deuterons arising from elastic scattering (both present
in the target) by evaluating the missing momentum. That
is, the combined momentum of the light ejectile recorded
in TIARA and the recoil in VAMOS was compared to that
of the incident beam. For 27Ne∗ →26Ne + n, the momentum
of the undetected neutron was sufficiently well defined to
resolve these events from elastic scattering [23]. The energies
of protons populating unbound states in 27Ne were below the
discriminator thresholds in the annular array, so only data from
the barrel were used.

A background arising from direct breakup to the 26Ne +
n + p three-body final state may in principle contribute to

the spectra for the d(26Ne, p)27Ne∗ → 26Ne + n channel.
As detailed in Ref. [23], this contribution was simulated
by randomly sampling the available three-body phase space
and including experimental resolutions and the same sorting
restrictions as applied to the data. The simulated breakup
contribution was scaled so that it did not exceed the observed
yield at any angle. As expected, the breakup contribution was
largest at forward laboratory angles and negligible at backward
angles (Fig. 3). The data exhibit an isolated peak at 1.74(9)
MeV. Additional counts at higher energy could represent a
single state or indeed the combined contributions of many.
However, the effect of the detection thresholds in the TIARA
barrel is to progressively exclude counts for Ex > 4 MeV,
giving the appearance of a peak. This progressive cutoff is also
present in the forward angle data, but the kinematics dictate
that the low proton energy threshold corresponds to higher
excitation energies for these angles. The width of the peak
at 1.74 MeV was dominated by the experimental resolution,
which was obtained from simulations [FWHM = 0.95 MeV
for Fig. 3(b)] [23]. A Gaussian of this width was convolved
with a Breit-Wigner shape for which the width was a fitted
parameter, with the result that $ was consistent with zero and
$ < 0.46 MeV (2σ limit). The angular distribution is shown
in Fig. 4, where the uncertainties include those arising from
the normalization of the direct breakup contribution. Proton
bins of equal width in laboratory angle were employed in

FIG. 3. (Color online) Excitation energy spectra in the (a) forward
and (b) backward angular regions of the barrel. The fits included
Gaussian peaks (see text) and a contribution from direct breakup
(shaded).
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FIG. 4. (Color online) Proton angular distribution for the un-
bound state at 1.74-MeV excitation energy, compared to ADWA
theory. The J π values used for different ℓ follow simple shell-model
expectations. Error bars are statistical only.

the regions 45◦–75◦ and 100◦–140◦. Importantly, the apparent
higher energy peak does not have an appreciable effect on the
angular distribution.

Through comparison with ADWA calculations (Fig. 4), the
transferred angular momentum for the 1.74-MeV state was
deduced to be ℓ = 3. The calculations employed the method of
Vincent and Fortune [29,30] for unbound states. An alternative
analysis using a “slightly bound” form factor [31] gives
essentially identical results. From a shell-model perspective
(see below), the lowest lying ℓ = 3 state (by at least 1 MeV) is
predicted to be the first 7/2− level as driven primarily by the
single-particle energies. A 7/2− assignment is thus inferred
and, as such, a spectroscopic factor of 0.35(10) is deduced.
The method of Vincent and Fortune gives the natural width of
the state to be 3.5(10) keV, which is negligibly small compared
to the experimental resolution.

Figure 5 displays the experimental 27Ne level scheme
compared to shell-model calculations. The SDPF-M [15]
interaction, in which the monopole matrix elements were
modified to produce the drip line for the oxygen isotopes,
fails completely in reproducing the energy of the 7/2− state.
Furthermore, the ordering of the negative-parity states is not
predicted correctly. This follows a similar failure for 25Ne
[9,11] and the isotone 29Mg [8].

In Ref. [32] the WBP Hamiltonian was developed for the
mass region A = 10–20 in the 0s-0p-0d-1s-0f -1p model
space. The 1s-0d part of the interaction is the USD Hamil-
tonian [33]. The data considered in Ref. [32] were mainly for
configurations dominated by the 0p, 0d, and 1s orbitals. The
0f -1p shell was added in order to account for spurious states.
As discussed in Ref. [32], the 1p3/2 single-particle energy was
determined from the strength distribution of 2− states in the
19F(d, p)20F reaction, and the 0f7/2 single-particle energy was
determined from the strength distribution of 6− states in the
20Ne(p, n)20Na reaction. The WBP calculations presented in
this work allowed for a maximum of 1h̄ω excitations across a
shell gap. Therefore, positive-parity states are simply USD
calculations. When the WBP interaction is used for 27Ne,

Sn
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3/2 +
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FIG. 5. (Color online) Level scheme for 27Ne. The measurements
(Table I) are compared to shell-model calculations using different
interactions, including the WBP-M, which incorporates a shift of
−0.7 MeV (see text).

the lowest 3/2− and 7/2− states have configurations that
are dominated by one neutron occupying the 1p3/2 and 0f7/2
orbitals, respectively. Although the ordering of the negative-
parity states is reproduced, the energies of these states are about
0.7 MeV too high compared to the present experiment (Fig. 5).
We have, therefore, implemented calculations employing a
modified WBP Hamiltonian (WBP-M) in which the energies of
the 0f -1p shell orbitals are lowered relative to the 1s-0d shell.
The level scheme for 27Ne with a lowering of 0.7 MeV is shown
in Fig. 5 and the spectroscopic factors are given in Table I.
The WBP and WBP-M calculations give essentially identical
spectroscopic factors whereas the latter better reproduces the
excitation energies of the negative-parity states.

Comparison was also made for these states in the adja-
cent nuclei 25Ne and 29Mg. The ordering of the negative-
parity states was again correctly predicted with the WBP
Hamiltonian, but a shift of −1.0 MeV was required to
reproduce the excitation energies (in 29Mg) and the spacing
between the 3/2+

1 and the negative-parity states (in 25Ne),
as shown in Fig. 6. The spectroscopic factors were again
essentially unchanged by the energy shift. Since the 3/2+

1
state lies higher than the USD prediction (by ∼0.3 MeV) in
25Ne [9], this effect may account for up to half of the level
shift applied in the WBP-M interaction. Relative to 27Ne, the
addition of two protons (29Mg) reduces the experimentally
observed gap between the 3/2− and 7/2− states from 975 to
336 keV. The removal of two neutrons (25Ne) reduces the gap
to 700 keV. In the more exotic nucleus 31Mg, the gap reduces to
just 240 keV [35]. The WBP-M prediction is 603 keV, whereas
the sd-pf calculations of Ref. [35], finely tuned to 31Mg,
predict 150 keV. The WBP-M calculations cannot, however,
be used to extend the Fig. 6 systematics to include 31Mg, as the
low-lying positive-parity states (including the 3/2+

1 state) are
dominated by 2p-2h configurations [35], which are beyond
the scope of the present model.

In summary, the N = 20 shell gap in neutron-rich nuclei
has been investigated by studying the single-particle strength
in 27Ne. In particular, the lower of two intruder states,
at 765 keV, has been identified as 3/2−, which confirms
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TABLE I. Comparison between experimental and calculated (see
text) excitation energies and spectroscopic factors for states in 27Ne.
Experimental excitation energies are from [10] except for the 1.74-
MeV state (present work). For C2S, the errors include uncertainties
from the reaction model.

J π E∗
exp E∗

WBP -M C2S

(MeV) (MeV) Ref. [10] Present WBP-M

3/2+ 0 0 0.2(2) 0.42(22) 0.63
3/2− 0.765 0.809 0.6(2) 0.64(33) 0.67
1/2+ 0.885 0.869 0.3(1) 0.17(14) 0.17
7/2− 1.74 1.686 – 0.35(10) 0.40

The γ -ray statistics for the 885-keV 1/2+ state gave an
uncertainty of more than 80% in the magnitude of the (d, p)
yield and a spectroscopic factor of 0.17(14) was deduced [23].
The spectroscopic factors for both bound excited states are
in agreement with previous measurements (Table I). The
quoted errors include contributions from counting statistics,
an absolute normalization uncertainty of 10%, and an esti-
mated 20% uncertainty in the reaction modeling (including
∼15% variation between calculations employing Becchetti-
Greenlees [26] or Chapel Hill [29] nucleon-nucleus potentials
in the ADWA). For the 1/2+ and 3/2− states, the errors also
include a 10% uncertainty in the γ -ray photopeak coincidence
efficiency.

In order to study the ground-state angular distribution,
a gate on excitation energy (Ex < 200 keV) was used to
exclude the known bound excited states. The corresponding
angular distribution for 27Ne coincidences showed a clear
signature for ℓ = 2 transfer [23]. Further, if the 765- and
885-keV yields (after correcting for the γ -ray efficiency) are
subtracted from the total proton yield in coincidence with
27Ne, the resulting angular distribution is best reproduced
by a 3/2+ (ℓ = 2) calculation. This gives a spectroscopic
factor for the ground state of 0.42(22), in agreement with
the previous transfer measurement [10] (Table I). Therefore,
no bound states other than those observed are required by the
present data. This conclusion is supported by the shell-model
calculations, discussed below, that best describe all of the states
seen here.

Protons from (d, p) reactions to unbound states in 27Ne
were also observed, in coincidence with 26Ne in VAMOS. In
the region forward of 90◦ in the laboratory, protons arising
from d(26Ne, p) could be distinguished from the protons
and deuterons arising from elastic scattering (both present
in the target) by evaluating the missing momentum. That
is, the combined momentum of the light ejectile recorded
in TIARA and the recoil in VAMOS was compared to that
of the incident beam. For 27Ne∗ →26Ne + n, the momentum
of the undetected neutron was sufficiently well defined to
resolve these events from elastic scattering [23]. The energies
of protons populating unbound states in 27Ne were below the
discriminator thresholds in the annular array, so only data from
the barrel were used.

A background arising from direct breakup to the 26Ne +
n + p three-body final state may in principle contribute to

the spectra for the d(26Ne, p)27Ne∗ → 26Ne + n channel.
As detailed in Ref. [23], this contribution was simulated
by randomly sampling the available three-body phase space
and including experimental resolutions and the same sorting
restrictions as applied to the data. The simulated breakup
contribution was scaled so that it did not exceed the observed
yield at any angle. As expected, the breakup contribution was
largest at forward laboratory angles and negligible at backward
angles (Fig. 3). The data exhibit an isolated peak at 1.74(9)
MeV. Additional counts at higher energy could represent a
single state or indeed the combined contributions of many.
However, the effect of the detection thresholds in the TIARA
barrel is to progressively exclude counts for Ex > 4 MeV,
giving the appearance of a peak. This progressive cutoff is also
present in the forward angle data, but the kinematics dictate
that the low proton energy threshold corresponds to higher
excitation energies for these angles. The width of the peak
at 1.74 MeV was dominated by the experimental resolution,
which was obtained from simulations [FWHM = 0.95 MeV
for Fig. 3(b)] [23]. A Gaussian of this width was convolved
with a Breit-Wigner shape for which the width was a fitted
parameter, with the result that $ was consistent with zero and
$ < 0.46 MeV (2σ limit). The angular distribution is shown
in Fig. 4, where the uncertainties include those arising from
the normalization of the direct breakup contribution. Proton
bins of equal width in laboratory angle were employed in

FIG. 3. (Color online) Excitation energy spectra in the (a) forward
and (b) backward angular regions of the barrel. The fits included
Gaussian peaks (see text) and a contribution from direct breakup
(shaded).
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FIG. 6. Experimental and theoretical energies, relative to the
3/2+

1 level, of the 0f -1p states in the region of 27Ne. The shell-
model calculations employed the WBP-M interaction with a shift of
−1.0 MeV (see text).

earlier conjectures [10,11]. The 7/2− intruder state has been
located at an excitation energy of 1.74(9) MeV, 0.33(9) MeV
above the neutron emission threshold. Thus the 7/2− state

is higher in energy than the 3/2− state, contrary to the
ordering at β-stability. This is, however, consistent with the
ordering in the N = 17 isotone 29Mg [8] and the N = 15
isotones 25Ne [9] and 27Mg [34]. The SDPF-M interaction
is unable to reproduce the energies or ordering of these
negative-parity states. Using the WBP interaction, with the
single-particle energies of the 0f -1p shell lowered so as to
reduce the N = 20 gap by 0.7 MeV, the shell-model predicts
the energies and spectroscopic factors of the states in 27Ne
remarkably well. A slightly larger reduction of 1.0 MeV is
required for the adjacent nuclei 25Ne and 29Mg. It would be
interesting to develop a new interaction that would succeed
in reducing the effective gap between the 0d3/2 orbital and
the 0f -1p shell in a natural way, without the need for ad
hoc changes. Finally, the investigation of the present results
using models which include explicitly the continuum would be
welcome [36].
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● Identification	of	intruder	states	3/2–,	7/2–

● Results	reproduced	by	calculations	with	
N=20	gap	reduced	by	700	keV

SF(3/2+)	=	0.42
SF(3/2–)	=	0.64
SF(1/2+)	=	0.17
SF(7/2–)	=	0.35
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● One-body	spin-orbit	potential:

→ a	diffuse	matter	distribution
should	decrease	the	SO	term

→ a	depletion	of	density	at	the	center
should	induce	a	decrease	of	SO
for	nucleons	in	the	region

The	spin-orbit	term
O.	Sorlin,	M.-G.	Porquet,	PPNP	61	(2008)	602

The	spin-orbit	term	– 1/9
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Spin	orbit	at	the	surface? L	Gaudefroy et	al,	PRL	97	(2006)	092501

“Reduction	of	the	Spin-Orbit	Splittings
at	the	N=28	shell	closure”
46Ar(d,p)47Ar		at	GANIL	(SPIRAL)
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of the temperature during experiments. After a few
hours of water circulation the temperature stabil-
izes at about 40°C.

3.5. Mechanical assembly and electrical connections

A schematic drawing of one mounted telescope
called module is shown on Fig. 3. Two edges of
each strip detector are glued by a conductive resin
to an L-shaped copper coated epoxy frame. The
other two edges are left free in order to be able to
assemble the modules for certain configurations of
the array with a minimal gap between detectors.
The copper coated epoxy frame also furnishes the
electrical connection between the strips and their
electronics. This frame is screwed onto an alumi-
num rod which holds two motherboards into which
are plugged the 121 preamplifiers. A rail is mounted
on the inside of one of the motherboards to hold
the Si(Li) detector in place behind the strip de-
tector. A two-sided aluminum frame, screwed onto
the rod renders the module more rigid. The cooling
circuit is fastened to this frame. The CsI detector is
mounted on an aluminum frame which can be
inserted behind the Si(Li) detector. One module has
a total surface of 82!107mm! and a length of
300mm.

Fig. 3. Schematic drawing of one module of MUST.

All coaxial connections are supported by 4
low insertion-force connectors in order to min-
imize the mechanical constraints on the mother-
boards. Each connector of type 3M-SCI24MA
houses 30 Teflon coaxial cables with a length of 2 m
and an exterior diameter of 1mm. The connections
outside the vacuum chamber, between the flanges
and the VXIbus electronics, are insured by RG174
cables.

The eight modules can be assembled in different
configurations to conform to the requirements of
each experiment. The first experiments performed
with MUST deal with elastic and inelastic proton
scattering for which recoiling protons are concen-
trated between 60° and 90° in the laboratory frame
(see Fig. 1a). Therefore, we have designed a mech-
anical structure consisting of two columns of
4 modules each. The modules are screwed to two
metal plates which are designed to be mounted on
the revolving tables of the SPEG reaction chamber
at GANIL as schematically pictured in Fig. 4. The
telescopes can be positioned between 15 and 30 cm
om the target. A photograph of one of the columns
equipped with its four modules is shown on Fig. 5.

Fig. 4. Schematic drawing of the 8 modules of MUST mounted
in two columns. The columns can be placed either side by side or
on either side of the beam.

476 Y. Blumenfeld et al./Nucl. Instr. and Meth. in Phys. Res. A 421 (1999) 471—491

Y.	Blumenfeld et	al
NIMA	421	(1999)	471
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“Reduction	of	the	Spin-Orbit	Splittings
at	the	N=28	shell	closure”
46Ar(d,p)47Ar

p3/2
p1/2

f7/2

f5/2

p3/2
p1/2

f7/2

f5/2

spin	deduced	
from	comparison	
with	calculations

The structure of 47Ar was calculated in the shell model
(SM) framework using the ANTOINE code [22] and the
sdpf interaction [23] where the proton (neutron) excita-
tions were restricted to the sd (fp) orbitals. There is a
remarkably good agreement between experimental and
calculated results (see Table I) for the first five levels, for
which total spin values J were attributed. For a closed-shell
nucleus, the total vacancy is expected to be equal to 2J! 1
for the valence orbitals, and 0 for occupied ones. The GS
vacancy value [2.44(20)] is compatible with a p3=2 state; a
p1=2 state would have a maximum vacancy value of 2. The
missing vacancy value (1.56) of the p3=2 GS counterbal-
ances the excess (1.36 instead of 0) of the 1740 keV state,
meaning that some of the f7=2 neutrons have moved to the
p3=2 orbital in 46Ar. The first excited state p1=2 almost
fulfills the sum rule ["2J! 1#C2S $ 1:62"12# instead of
2] as well as in the 49Ca isotone "2J! 1#C2S $ 1:82"30#
[21]. We identify about 65% of the strength of the f5=2

orbital in the 2.65 and 3.33 MeV states. As the SM cal-
culations reproduce the energy and the summed vacancy
values of the f5=2 states, the missing part of the f5=2

strength has been inferred from calculations. The deduced
SPE (defined as the SF-weighted mean energy) is

3450 keV, to be compared to 3104 keV taking into account
the observed states only.

Figure 3 displays the experimental SPE of the f7=2 and
f5=2 orbitals and the energy of the first p3=2 and p1=2 states
in 49Ca and 47Ar. In addition to the reduction of theN $ 28
gap, the f and p SO splittings have been reduced by about
875(130) keV and 890(120) keV, respectively, between
49Ca and 47Ar. Mean field (MF) calculations with the
finite-range (D1S) [24] interactions predict correctly the
weakened N $ 28 shell gap but do not find any SO varia-
tion. Zero-range calculations using Skyrme forces repro-
duce neither. The observed asymmetric variations of the
‘";# orbitals can be explained by a weakened l % s interac-
tion, which increases (decreases) the energy of the ‘" (‘#)
orbitals with respect to MF calculations. Such surprising
reductions cannot be attributed to a modification of the
surface diffuseness between 49Ca and 47Ar which is ex-
pected to be smaller than 5%. Therefore, other effects must
be involved.

The present variations of the N $ 28 shell gap (!G) and
of the SO splittings (!SO) between 49Ca and 47Ar could be
caused by the removal of 2 protons from the d3=2 and s1=2

orbitals. As these orbitals are quasidegenerate in 48Ca [25]
protons are removed equiprobably, i.e., 1.33 from d3=2 and
0.66 from s1=2. Similar values are obtained with SM cal-
culations. Because of the proton-neutron interaction, the
removal of protons induces a differential energy change of
the neutron orbitals. This interaction acts on the f7=2 and
p3=2 orbitals to modify the size of the N $ 28 gap and on
the ‘# and ‘" orbitals to reduce the SO splittings. A major
contribution of these changes is due to the monopole part
of the proton-neutron matrix elements Vpn which is defined
in Ref. [4]. As 46Ar can be considered as a good semimagic
nucleus [26] the remaining nuclear correlations, as quad-
rupole ones, will be neglected in the following.

The reduction of the N $ 28 shell gap !G between 49Ca
and 47Ar can be written in the first order as:

 !G$1:33"Vpn
d3=2p3=2

&Vpn
d3=2f7=2

#!0:66"Vpn
s1=2p3=2&Vpn

s1=2f7=2
#:

These matrix element differences can be determined from
the N $ 21 isotones in which the d and s proton orbitals
are well separated. The removal of 2 protons from the
d3=2 orbital between 41Ca and 39Ar gives an energy of
2"Vpn

d3=2p3=2
& Vpn

d3=2f7=2
# which amounts to 675 keV. Simi-

larly the 2 protons removed from the s1=2 orbital between
37S and 35Si induce an energy change of 2"Vpn

s1=2p3=2 &
Vpn
s1=2f7=2

# equal to &264 keV. By using these values of
matrix element differences, we expect that !G $
362 keV. The excellent agreement with the experimental
value, 330(90) keV, validates the assumptions on the num-
ber of removed s and d protons between 49Ca and 47Ar and
on the small amount of correlations. The removal of addi-
tional protons would gradually reduce the size of the
spherical N $ 28 gap, eventually by about 1 MeV in
42Si. This would imply a disruption of the N $ 28 shell
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FIG. 3. Neutron single-particle energies (SPE) of the fp orbi-
tals for the 47Ar29 and 49Ca29 nuclei (see text for details).
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FIG. 2. (a)–(d) Experimental proton angular distribution of
states in 47Ar. The curves correspond to DWBA calculations
assuming transfer to p, f, and g states.
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The structure of 47Ar was calculated in the shell model
(SM) framework using the ANTOINE code [22] and the
sdpf interaction [23] where the proton (neutron) excita-
tions were restricted to the sd (fp) orbitals. There is a
remarkably good agreement between experimental and
calculated results (see Table I) for the first five levels, for
which total spin values J were attributed. For a closed-shell
nucleus, the total vacancy is expected to be equal to 2J! 1
for the valence orbitals, and 0 for occupied ones. The GS
vacancy value [2.44(20)] is compatible with a p3=2 state; a
p1=2 state would have a maximum vacancy value of 2. The
missing vacancy value (1.56) of the p3=2 GS counterbal-
ances the excess (1.36 instead of 0) of the 1740 keV state,
meaning that some of the f7=2 neutrons have moved to the
p3=2 orbital in 46Ar. The first excited state p1=2 almost
fulfills the sum rule ["2J! 1#C2S $ 1:62"12# instead of
2] as well as in the 49Ca isotone "2J! 1#C2S $ 1:82"30#
[21]. We identify about 65% of the strength of the f5=2

orbital in the 2.65 and 3.33 MeV states. As the SM cal-
culations reproduce the energy and the summed vacancy
values of the f5=2 states, the missing part of the f5=2

strength has been inferred from calculations. The deduced
SPE (defined as the SF-weighted mean energy) is

3450 keV, to be compared to 3104 keV taking into account
the observed states only.

Figure 3 displays the experimental SPE of the f7=2 and
f5=2 orbitals and the energy of the first p3=2 and p1=2 states
in 49Ca and 47Ar. In addition to the reduction of theN $ 28
gap, the f and p SO splittings have been reduced by about
875(130) keV and 890(120) keV, respectively, between
49Ca and 47Ar. Mean field (MF) calculations with the
finite-range (D1S) [24] interactions predict correctly the
weakened N $ 28 shell gap but do not find any SO varia-
tion. Zero-range calculations using Skyrme forces repro-
duce neither. The observed asymmetric variations of the
‘";# orbitals can be explained by a weakened l % s interac-
tion, which increases (decreases) the energy of the ‘" (‘#)
orbitals with respect to MF calculations. Such surprising
reductions cannot be attributed to a modification of the
surface diffuseness between 49Ca and 47Ar which is ex-
pected to be smaller than 5%. Therefore, other effects must
be involved.

The present variations of the N $ 28 shell gap (!G) and
of the SO splittings (!SO) between 49Ca and 47Ar could be
caused by the removal of 2 protons from the d3=2 and s1=2

orbitals. As these orbitals are quasidegenerate in 48Ca [25]
protons are removed equiprobably, i.e., 1.33 from d3=2 and
0.66 from s1=2. Similar values are obtained with SM cal-
culations. Because of the proton-neutron interaction, the
removal of protons induces a differential energy change of
the neutron orbitals. This interaction acts on the f7=2 and
p3=2 orbitals to modify the size of the N $ 28 gap and on
the ‘# and ‘" orbitals to reduce the SO splittings. A major
contribution of these changes is due to the monopole part
of the proton-neutron matrix elements Vpn which is defined
in Ref. [4]. As 46Ar can be considered as a good semimagic
nucleus [26] the remaining nuclear correlations, as quad-
rupole ones, will be neglected in the following.

The reduction of the N $ 28 shell gap !G between 49Ca
and 47Ar can be written in the first order as:

 !G$1:33"Vpn
d3=2p3=2

&Vpn
d3=2f7=2

#!0:66"Vpn
s1=2p3=2&Vpn

s1=2f7=2
#:

These matrix element differences can be determined from
the N $ 21 isotones in which the d and s proton orbitals
are well separated. The removal of 2 protons from the
d3=2 orbital between 41Ca and 39Ar gives an energy of
2"Vpn

d3=2p3=2
& Vpn

d3=2f7=2
# which amounts to 675 keV. Simi-

larly the 2 protons removed from the s1=2 orbital between
37S and 35Si induce an energy change of 2"Vpn

s1=2p3=2 &
Vpn
s1=2f7=2

# equal to &264 keV. By using these values of
matrix element differences, we expect that !G $
362 keV. The excellent agreement with the experimental
value, 330(90) keV, validates the assumptions on the num-
ber of removed s and d protons between 49Ca and 47Ar and
on the small amount of correlations. The removal of addi-
tional protons would gradually reduce the size of the
spherical N $ 28 gap, eventually by about 1 MeV in
42Si. This would imply a disruption of the N $ 28 shell
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FIG. 3. Neutron single-particle energies (SPE) of the fp orbi-
tals for the 47Ar29 and 49Ca29 nuclei (see text for details).
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FIG. 2. (a)–(d) Experimental proton angular distribution of
states in 47Ar. The curves correspond to DWBA calculations
assuming transfer to p, f, and g states.
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The structure of 47Ar was calculated in the shell model
(SM) framework using the ANTOINE code [22] and the
sdpf interaction [23] where the proton (neutron) excita-
tions were restricted to the sd (fp) orbitals. There is a
remarkably good agreement between experimental and
calculated results (see Table I) for the first five levels, for
which total spin values J were attributed. For a closed-shell
nucleus, the total vacancy is expected to be equal to 2J! 1
for the valence orbitals, and 0 for occupied ones. The GS
vacancy value [2.44(20)] is compatible with a p3=2 state; a
p1=2 state would have a maximum vacancy value of 2. The
missing vacancy value (1.56) of the p3=2 GS counterbal-
ances the excess (1.36 instead of 0) of the 1740 keV state,
meaning that some of the f7=2 neutrons have moved to the
p3=2 orbital in 46Ar. The first excited state p1=2 almost
fulfills the sum rule ["2J! 1#C2S $ 1:62"12# instead of
2] as well as in the 49Ca isotone "2J! 1#C2S $ 1:82"30#
[21]. We identify about 65% of the strength of the f5=2

orbital in the 2.65 and 3.33 MeV states. As the SM cal-
culations reproduce the energy and the summed vacancy
values of the f5=2 states, the missing part of the f5=2

strength has been inferred from calculations. The deduced
SPE (defined as the SF-weighted mean energy) is

3450 keV, to be compared to 3104 keV taking into account
the observed states only.

Figure 3 displays the experimental SPE of the f7=2 and
f5=2 orbitals and the energy of the first p3=2 and p1=2 states
in 49Ca and 47Ar. In addition to the reduction of theN $ 28
gap, the f and p SO splittings have been reduced by about
875(130) keV and 890(120) keV, respectively, between
49Ca and 47Ar. Mean field (MF) calculations with the
finite-range (D1S) [24] interactions predict correctly the
weakened N $ 28 shell gap but do not find any SO varia-
tion. Zero-range calculations using Skyrme forces repro-
duce neither. The observed asymmetric variations of the
‘";# orbitals can be explained by a weakened l % s interac-
tion, which increases (decreases) the energy of the ‘" (‘#)
orbitals with respect to MF calculations. Such surprising
reductions cannot be attributed to a modification of the
surface diffuseness between 49Ca and 47Ar which is ex-
pected to be smaller than 5%. Therefore, other effects must
be involved.

The present variations of the N $ 28 shell gap (!G) and
of the SO splittings (!SO) between 49Ca and 47Ar could be
caused by the removal of 2 protons from the d3=2 and s1=2

orbitals. As these orbitals are quasidegenerate in 48Ca [25]
protons are removed equiprobably, i.e., 1.33 from d3=2 and
0.66 from s1=2. Similar values are obtained with SM cal-
culations. Because of the proton-neutron interaction, the
removal of protons induces a differential energy change of
the neutron orbitals. This interaction acts on the f7=2 and
p3=2 orbitals to modify the size of the N $ 28 gap and on
the ‘# and ‘" orbitals to reduce the SO splittings. A major
contribution of these changes is due to the monopole part
of the proton-neutron matrix elements Vpn which is defined
in Ref. [4]. As 46Ar can be considered as a good semimagic
nucleus [26] the remaining nuclear correlations, as quad-
rupole ones, will be neglected in the following.

The reduction of the N $ 28 shell gap !G between 49Ca
and 47Ar can be written in the first order as:

 !G$1:33"Vpn
d3=2p3=2

&Vpn
d3=2f7=2

#!0:66"Vpn
s1=2p3=2&Vpn

s1=2f7=2
#:

These matrix element differences can be determined from
the N $ 21 isotones in which the d and s proton orbitals
are well separated. The removal of 2 protons from the
d3=2 orbital between 41Ca and 39Ar gives an energy of
2"Vpn

d3=2p3=2
& Vpn

d3=2f7=2
# which amounts to 675 keV. Simi-

larly the 2 protons removed from the s1=2 orbital between
37S and 35Si induce an energy change of 2"Vpn

s1=2p3=2 &
Vpn
s1=2f7=2

# equal to &264 keV. By using these values of
matrix element differences, we expect that !G $
362 keV. The excellent agreement with the experimental
value, 330(90) keV, validates the assumptions on the num-
ber of removed s and d protons between 49Ca and 47Ar and
on the small amount of correlations. The removal of addi-
tional protons would gradually reduce the size of the
spherical N $ 28 gap, eventually by about 1 MeV in
42Si. This would imply a disruption of the N $ 28 shell
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FIG. 3. Neutron single-particle energies (SPE) of the fp orbi-
tals for the 47Ar29 and 49Ca29 nuclei (see text for details).
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FIG. 2. (a)–(d) Experimental proton angular distribution of
states in 47Ar. The curves correspond to DWBA calculations
assuming transfer to p, f, and g states.
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● Reduction	of	splitting	p	orbitals	can	be	due	to	removal	of	s1/2 proton
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and 49Ca nuclei [8–10]. However, the effect of the two-
body SO force was diluted and possibly contaminated by
other effects. The present work aims at studying the change
in the neutron 2p3=2-2p1=2 SO splittings between the 35Si
and 37S nuclei caused by the filling of the proton 2s1=2
orbit. Between these nuclei, changes in the SO splitting are
likely totally carried by the two-body SO interactions as the
two-body central and tensor contributions equate for each
SO partner [6,11]. Effects of the proximity of the con-
tinuum and of proton-to-neutron binding energies on the
central part of the interaction were estimated to be of less
than 5% using mean field calculations constrained to
experimental binding energies. The present study therefore
provides a first and unique constraint of the two-body SO
interaction in atomic nuclei, to be compared to the value
derived from realistic nucleon-nucleon forces.

Experiment.—The changes in 2p and 1f SO splitting
between the 37S and 35Si nuclei have been studied using
(d, p) transfer reactions in inverse kinematics with beams of
36S and 34Si. The 34Si nuclei were produced at the Grand
Accélérateur National d’Ions Lourds (GANIL) in the frag-
mentation of a 55 A ⋅MeV 36S16þ beam, of mean intensity
3 μA, in a 1075 μm-thick Be target. The LISE3 spectrometer
[12] was used to select and transport the 34Si nuclei which
were slowed down to 20.5 A ⋅MeV by using an achromatic
Be degrader of 559.3 μm between the two dipoles of the
spectrometer. A rate of 1.1 × 105 34Si ions per second and a
purity of 95% were achieved. In a separate spectrometer
setting, abeamof 36Swasproducedinsimilarconditions,at an
energyof19 A ⋅MeVandan intensity limited to2 × 105 pps.
Nuclei were tracked event by event with a position resolution
(FWHM) of 1 mm using a set of two position-sensitive
multiwire proportional chambers (MWPCs) [13] placed
0.92 m and 0.52 m upstream of the 2.6ð1Þ mg=cm2 CD2

target in which transfer reactions took place.
Nuclei were identified by means of their energy loss in an

ionizationchamber (IC), of10 × 10 cm2 surface area, placed
40 cm downstream of the target. The energy-loss EIC of the
ionswas obtained from the peak-height value of the digitized
signal. A 1.5 cm-thick plastic scintillator, located behind the
IC, additionally provided a high-resolution time signal used
for precise time-of-flight (TOF) measurements, and allowed
the monitoring of the beam intensity complementary to the
MWPC detectors. By achieving selections in EIC and in
TOF between the MWPCs and the plastic scintillator, the Si
nuclei [in the case of 34Siðd; pÞ] were selected and the part
corresponding to incomplete fusion reactions induced by the
C nuclei of the CD2 target was rejected.
Energies and angles of the protons arising from the (d, p)

reactions were measured using four modules of the MUST2
detector array [14] consisting each of a highly segmented
(128 × 128) double-sided 300 μm-thick Si detector, fol-
lowed by a 16-fold segmented Si(Li) detector of 4.5 mm
thickness. These detectors were placed at 10 cm from the
CD2 target, covering polar angles ranging from 105° to 150°

with respect to the beam direction. In addition, a 16 Si strip
annular detector (external diameter 96 mm, central hole
diameter of 48 mm and thickness 300 μm) was placed at a
distanceof 11.3 cm to cover polar angles from157° to 168° to
detect the full energy of protons in the (d, p) reaction.
Four segmented Ge detectors from the EXOGAM array

[15] were installed perpendicular to the beam axis at a mean
distance of 5 cm to detect the γ rays emitted in the decay
of excited states. The center of these detectors was shifted
9 cm downstream from the target in order to avoid them
shadowing part of the MUST2 detectors, leading to a γ
efficiency of ϵγ ¼ 3.8ð2Þ% at 1 MeV.

Results.—Excitation energy spectra (E%) corresponding to
the 34Siðd; pÞ35Si reaction (Fig. 1) were constructed using
the energy and angle of the emitted protons in coincidence
with the Si nuclei. Three structures are seen below the
neutron emission threshold Sn ¼ 2.47ð4Þ MeV at
E% ¼ 0ð25Þ, 906(32), and 2060(50) keV. Other structures
are present above Sn, tentatively at 3330(120) keV and
more prominently at ≃5500 keV. The presently fitted
shape of these peaks is a convolution between a rectangular
step function, that takes into account the energy loss of the
beam in the target before the reaction point, and a Gaussian.
The energy-dependent widths of all fitted peaks are in very
good accordance with Monte Carlo simulations [16].
A more accurate energy determination of the bound levels
populated in 35Si is provided by the γ-energy spectrum,
gated by protons associated to different E% ranges. When
applying suitable Doppler corrections to the γ’s emitted in

FIG. 1 (color online). Top: excitation energy spectrum E% of
35Si obtained with the detection of protons in the angular domain
106°–115° in the laboratory. The fitting procedure of the peaks, as
well as the origin of the asymmetric black curve, are described in
the text. Bottom: Doppler-corrected γ energy spectrum shows two
peaks at 0.910 MeV and 1.134MeV. The latter peak disappears
when gating on excitation energy E% > 1.4 MeV (red shaded
area), indicating that it comes from a level at 2044 keV.
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flight and detected in the EXOGAM array, two peaks are
clearly observed at 910(3) keV and 1134(6) keV in the
bottom part of Fig. 1. The energy of the first γ peak matches
that of E! ¼ 906ð32Þ keV of Fig. 1, as well as the energy of
a 3=2− state at 910.10(30) keV fed indirectly in the β-decay
study of 35Al [17]. From the number of protons detected
in the peak at 906(32) keV, Np ¼ 1894ð185Þ, an expected
number of photons at 910 keV of Nγ ¼ 72ð11Þ is derived,
after having corrected from the ϵγ value. The number of
detected photons, 82(10), matches this expected value of 72
(11) within one σ uncertainty. We deduce that a contami-
nation of the excitation energy spectrum at E! ¼ 906ð32Þ
due to transfer to the 3/2þ state at the nearby energy of
970 keV is less than 30% of the 3=2− component, with a
confidence limit of 3σ. With a half-life of 6 ns, the γ decay
of the 3=2þ isomer would occur after the target location,
mostly out of the range of the EXOGAM detectors. The
energy of the second γ peak is in accordance with the one
observed in [18] at 1133(5) keV. The summed energy of the
two γ peaks, 910ð3Þ þ 1134ð6Þ ¼ 2044ð7Þ keV, matches
the energy of the third peak at E! ¼ 2060ð50Þ keV in
Fig. 1, hereby establishing a level at 2044(7) keV which
decays by a cascade of two γ rays.
Proton angular distributions corresponding to transfer

reactions populating the four states in 35Si are shown in
Fig. 2. Adiabatic distorted wave approximation (ADWA)
calculations [19] were performed using the code TWOFNR

[20] and the global optical potentials of [21] and [22] for
the entrance and exit channels of the (d, p) reaction,
respectively. A nonlocal correction [23] has been used with
a Gaussian function of widths β ¼ 0.85 fm for the nucleons
and 0.54 fm for the deuteron. These calculations were fitted
to the experimental angular distributions to infer the
transferred angular momentum l and spectroscopic factor
(SF) of individual orbitals in 35Si, given with their
uncertainties in Fig. 2. Additional uncertainties on the

SF values (not given here) due to the use of other global
potentials amount to about 15% [8]. The same set of optical
potentials was used for the 35Si and 37S nuclei. With this
set, we reproduce within one sigma themean hSFi values in
37S derived from Refs. [24,25] for the 7=2− ground state
[hSFi ¼ 0.73; our value 0.69(14)], the 3=2−1 state at
645 keV [hSFi ¼ 0.545; our value 0.53(10)] as well as
the 1=2−1 state at 2638 keV [hSFi ¼ 0.625; our value 0.68
(13)] [16]. It has been pointed out in Ref. [26] that observed
SFs are usually quenched, by a factor of about 0.5–0.7, as
compared to the ones expected from the single particle
structure around closed shell nuclei. In the 37S nucleus, the
SF values of the 7=2−, 3=2−, and 1=2− states exhaust this
quenched SF sum rule, within the present experimental
uncertainties.
From the shape of the proton angular distributions of

Fig. 2, the first peak in 35Si could be attributed to a l ¼ 3
transfer to the f7=2 ground state with SF ¼ 0.56ð6Þ. The
angular distributions of the second and third peaks corre-
spond to l ¼ 1, with SF values of 0.69(10) and 0.73(10),
respectively. The third peak at 2044 keV is likely to be
1=2− as its large SF value discards another large l ¼ 1,
3=2− component. The SF values of these 7=2−, 3=2−, and
1=2− states in 35Si are compatible, within one σ, with the
ones measured in 37S. However, the excitation energy of the
1=2− state in 35Si (E! ¼ 2044 keV) is significantly smaller
than that in 37S (E! ¼ 2638 keV). The structure above the
neutron threshold at about 3330 keV likely corresponds to
the elastic deuteron break-up process, the cross section of
which was estimated to be 0.1 mb=MeV [27] and the shape
of which was obtained from phase-space simulations
(hatched zone below the black curve of the top part of
Fig. 1). The broad structure around 5.5 MeV in 35Si could
be fitted with an angular distribution corresponding to a
l ¼ 3 state coming from a fraction of the f5=2 strength.
Using the prescription of Ref. [28] for the states lying in the
continuum, a value of SF ¼ 0.32ð2Þ has been extracted. It
has a similar amplitude as the f5=2 component SF ¼ 0.36
found in three states centered around 5.6 MeV in 37S [24].

Change in p-orbital SO splitting?—To a first approximation
the first states in 41Ca, 37S, and 35Si can be viewed as one
1f7=2 or 2p1=2;3=2 neutron on top of the core nuclei 40Ca,
36S, and 34Si, respectively, as these N ¼ 20 nuclei can be
considered as doubly magic nuclei. When taking the
major fragment of the 2p3=2 and 2p1=2 single-particle
(SP) strengths, the 3=2−-1=2− splitting remains close to
2 MeV in the 41Ca [29] and 37S [24,25] nuclei after the
removal of 4protons from the1d3=2 orbit.As shown inFig. 3,
it drops to 1.134MeVin 35Si by removing 2 protons from the
2s1=2 orbit. This sudden reduction of the 3=2−- 1=2− split-
ting is attributed to the difference in the two-body proton-
neutron monopole terms Vpn

2s1=22p1=2
and Vpn

2s1=22p3=2
involved

between the 35Si and 37S nuclei as well as to the effects of
correlations inherent to atomic nuclei. As there is no change
in 3=2−-1=2− splitting between the 41Ca and 37S nuclei,

FIG. 2 (color online). Proton angular distributions of the states
at E! ¼ 0; 910, 2044, and 5500 keV in 35Si. The curves
correspond to ADWA calculations assuming transfer to l ¼ 1
(dashed-dotted line) or l ¼ 3 (solid line) states.
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other monopole terms such as the ones involving the proton
1d3=2 orbit are negligible.
Shell model calculations have been used in the full

sd-pf shells [30] (including cross-shell mixing between
normal and intruder neutron configurations [31]) as a tool
to determine the role of correlations and to deduce the
change of the p SO splitting Δ SO(p) between the 37S and
35Si nuclei from experimental data. The Vpn

2s1=22p1=2
and

Vpn
2s1=22p3=2

monopole terms have been constrained to match,
after taking into account the correlations in the full valence
space, the experimental energies of the major fragments
in the 37S and 35Si isotones, leading to −0.844 and

−1.101 MeV, respectively. The calculated 2s1=2 occupancy
varies from 1.66 in 37S (close to the experimental value
of ≃1.7 [32]) to 0.19 in 35Si, yielding Δ2s1=2 ¼ 1.47.
Following the previous discussion, Δ SOðpÞ can be
expressed as

ΔSOðpÞ≃ Δ2s1=2ðV
pn
2s1=22p1=2

− Vpn
2s1=22p3=2

Þ: (1)

Consistent values of Δ SOðpÞ ¼ 1.47 × 257 ¼ 378 keV
and 380 keVare found using Eq. (1) and the prescription of
Baranger [33], respectively. The latter value is obtained
from the energies of the single-particle centroids of the p3=2
and p1=2 states derived from the calculated particle and hole
energy weighted sum rules of all 3=2− and 1=2− states. The
agreement between the two methods shows that the earlier
assumption, that the changes in the p SO splitting are solely
carried by the Vsp monopoles, is correct. After applying a
quenching factor of 0.7 to the SM calculations, we find
that the calculated SF values of the major fragments 7=2−
(SF ¼ 0.59), 3=2− (0.59), 1=2− (0.61) and 5=2− (0.28)
agree with the experimental values of 0.56(6), 0.69(10),
0.73(10), 0.32(3).

Realistic two-body SO interactions.—The M3Y interaction
[34], constructed as a model to realistic G-matrix inter-
action, was used to calculate the two-body SO parts of the
monopole matrix elements for A≃ 40. We find that
~Vpn
2s1=22p1=2

( ~Vpn
2s1=22p3=2

) is repulsive (attractive) and amounts
to þ0.178 MeV (−0.089 MeV). Their difference,
0.267 MeV, is also in remarkable agreement with the value
of 0.257MeV derived from the experiment. We then look at
more modern interactions obtained from chiral effective
field theory [35] as well as from the Kahana-Lee-Scott
(KLS) potential [36], the latter being used for cross-shell
matrix elements in the SDPF-U interaction [31]. The next-
to-next-to-next-to leading order (N3LO) results (bare) of
Table I correspond to the V lowk renormalization with a
cutoff Λ ¼ 1.8 fm−1 in a harmonic oscillator basis with
ℏω ¼ 11.5 MeV, appropriate for A ∼ 36. We see a very
small sensitivity to the cutoff renormalization of the
interaction when many-body perturbation theory tech-
niques from [37] are applied respectively in a 2 (2ℏω)
and 4 (4ℏω) major shells basis. The order of magnitude of
the difference between the Vpn

2s1=21p3=2
and Vpn

2s1=21p1=2

FIG. 3 (color online). Distribution of themajor fragments of the
single particle strength in 41Ca (top), 37S (middle), and in 35Si
(bottom). SF values in 41Ca are taken from Ref. [29]. The
centroid of the 5=2− strength, obtained from a summed SF
strength of 0.32, is indicated as hf5=2i. The SF of the 5=2−
components in 37S are taken from [24], while all others SF are
derived from the present work with error bars due to statistics and
fit distributions.

TABLE I. Values of the proton-neutronmonopolematrix elements inMeVbetween the 2s1=2 proton and 2p neutron orbitals for theKLS
and N3LO interactions (bare), (2ℏω), (4ℏω). Their spin-tensor decomposition [11] into central (K ¼ 0) and spin-orbit (K ¼ 1) is also
given. The tensor term (K ¼ 2) amounts to zero in all cases. The K ¼ 1 terms of the M3Y interaction are given in the last row.

Monopole Vpn
2s1=22p1=2

Vpn
2s1=22p3=2

Decomposition Total K ¼ 0 K ¼ 1 Total K ¼ 0 K ¼ 1

N3LO (bare) −1.124 −1.317 0.193 −1.413 −1.317 −0.096
N3LO (2ℏω) −1.128 −1.312 0.184 −1.404 −1.312 −0.092
N3LO (4ℏω) −1.201 −1.401 0.200 −1.500 −1.401 −0.100
KLS −1.180 −1.374 0.194 −1.471 −1.374 −0.097
M3Y 0.178 −0.089
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other monopole terms such as the ones involving the proton
1d3=2 orbit are negligible.
Shell model calculations have been used in the full

sd-pf shells [30] (including cross-shell mixing between
normal and intruder neutron configurations [31]) as a tool
to determine the role of correlations and to deduce the
change of the p SO splitting Δ SO(p) between the 37S and
35Si nuclei from experimental data. The Vpn

2s1=22p1=2
and

Vpn
2s1=22p3=2

monopole terms have been constrained to match,
after taking into account the correlations in the full valence
space, the experimental energies of the major fragments
in the 37S and 35Si isotones, leading to −0.844 and

−1.101 MeV, respectively. The calculated 2s1=2 occupancy
varies from 1.66 in 37S (close to the experimental value
of ≃1.7 [32]) to 0.19 in 35Si, yielding Δ2s1=2 ¼ 1.47.
Following the previous discussion, Δ SOðpÞ can be
expressed as

ΔSOðpÞ≃ Δ2s1=2ðV
pn
2s1=22p1=2

− Vpn
2s1=22p3=2

Þ: (1)

Consistent values of Δ SOðpÞ ¼ 1.47 × 257 ¼ 378 keV
and 380 keVare found using Eq. (1) and the prescription of
Baranger [33], respectively. The latter value is obtained
from the energies of the single-particle centroids of the p3=2
and p1=2 states derived from the calculated particle and hole
energy weighted sum rules of all 3=2− and 1=2− states. The
agreement between the two methods shows that the earlier
assumption, that the changes in the p SO splitting are solely
carried by the Vsp monopoles, is correct. After applying a
quenching factor of 0.7 to the SM calculations, we find
that the calculated SF values of the major fragments 7=2−
(SF ¼ 0.59), 3=2− (0.59), 1=2− (0.61) and 5=2− (0.28)
agree with the experimental values of 0.56(6), 0.69(10),
0.73(10), 0.32(3).

Realistic two-body SO interactions.—The M3Y interaction
[34], constructed as a model to realistic G-matrix inter-
action, was used to calculate the two-body SO parts of the
monopole matrix elements for A≃ 40. We find that
~Vpn
2s1=22p1=2

( ~Vpn
2s1=22p3=2

) is repulsive (attractive) and amounts
to þ0.178 MeV (−0.089 MeV). Their difference,
0.267 MeV, is also in remarkable agreement with the value
of 0.257MeV derived from the experiment. We then look at
more modern interactions obtained from chiral effective
field theory [35] as well as from the Kahana-Lee-Scott
(KLS) potential [36], the latter being used for cross-shell
matrix elements in the SDPF-U interaction [31]. The next-
to-next-to-next-to leading order (N3LO) results (bare) of
Table I correspond to the V lowk renormalization with a
cutoff Λ ¼ 1.8 fm−1 in a harmonic oscillator basis with
ℏω ¼ 11.5 MeV, appropriate for A ∼ 36. We see a very
small sensitivity to the cutoff renormalization of the
interaction when many-body perturbation theory tech-
niques from [37] are applied respectively in a 2 (2ℏω)
and 4 (4ℏω) major shells basis. The order of magnitude of
the difference between the Vpn

2s1=21p3=2
and Vpn

2s1=21p1=2

FIG. 3 (color online). Distribution of themajor fragments of the
single particle strength in 41Ca (top), 37S (middle), and in 35Si
(bottom). SF values in 41Ca are taken from Ref. [29]. The
centroid of the 5=2− strength, obtained from a summed SF
strength of 0.32, is indicated as hf5=2i. The SF of the 5=2−
components in 37S are taken from [24], while all others SF are
derived from the present work with error bars due to statistics and
fit distributions.

TABLE I. Values of the proton-neutronmonopolematrix elements inMeVbetween the 2s1=2 proton and 2p neutron orbitals for theKLS
and N3LO interactions (bare), (2ℏω), (4ℏω). Their spin-tensor decomposition [11] into central (K ¼ 0) and spin-orbit (K ¼ 1) is also
given. The tensor term (K ¼ 2) amounts to zero in all cases. The K ¼ 1 terms of the M3Y interaction are given in the last row.

Monopole Vpn
2s1=22p1=2

Vpn
2s1=22p3=2

Decomposition Total K ¼ 0 K ¼ 1 Total K ¼ 0 K ¼ 1

N3LO (bare) −1.124 −1.317 0.193 −1.413 −1.317 −0.096
N3LO (2ℏω) −1.128 −1.312 0.184 −1.404 −1.312 −0.092
N3LO (4ℏω) −1.201 −1.401 0.200 −1.500 −1.401 −0.100
KLS −1.180 −1.374 0.194 −1.471 −1.374 −0.097
M3Y 0.178 −0.089
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A proton density bubble in the doubly magic
34Si nucleus
A. Mutschler1,2, A. Lemasson2,3, O. Sorlin2*, D. Bazin4, C. Borcea5, R. Borcea5, Z. Dombrádi6,
J.-P. Ebran7, A. Gade4, H. Iwasaki4, E. Khan1, A. Lepailleur2, F. Recchia3, T. Roger2, F. Rotaru5, D. Sohler6,
M. Stanoiu5, S. R. Stroberg4,8, J. A. Tostevin9, M. Vandebrouck1, D. Weisshaar3 and K. Wimmer3,10,11

Many properties of the atomic nucleus, such as vibrations, rotations and incompressibility, can be interpreted as due to a two-
component quantum liquid of protons and neutrons. Electron scattering measurements on stable nuclei demonstrate that their
central densities are saturated, as for liquid drops. In exotic nuclei near the limits of mass and charge, with large imbalances
in their proton and neutron numbers, the possibility of a depleted central density, or a ‘bubble’ structure, has been discussed
in a recurrent manner since the 1970s. Here we report first experimental evidence that points to a depletion of the central
density of protons in the short-lived nucleus 34Si. The proton-to-neutron density asymmetry in 34Si o�ers the possibility to
place constraints on the density and isospin dependence of the spin–orbit force—on which nuclear models have disagreed for
decades—and on its stabilizing e�ect towards limits of nuclear existence.

M icroscopic systems composed of atoms or clusters can
exhibit intrinsic structures that are bubble-like, with small
or depleted central densities. For example, the fullerene

molecules, composed of C atoms, are structures with extreme
central depletion1. In nuclear physics, depletions also arise in nuclei
with well-developed cluster structures when clusters are arranged
in a triangle or ring-like structure—such as in the triple-↵ Hoyle
state2,3. Unlike such a non-homogeneous, clustered system, central
density depletions or bubble-like structures would be much more
surprising in homogeneous systems, such as typical atomic nuclei
with properties characteristic of a quantum liquid4.

This hindrance of bubble formation in atomic nuclei is inherent
in the nature of the strong force between nucleons, which is strongly
repulsive at short distances (below 0.7 fm), attractive at medium
range (⇡1.0 fm) and vanishes at distances beyond 2 fm. In a classical
picture, the medium-ranged attraction of nuclear forces implies
that nucleons interact strongly and attractively only with immediate
neighbours, leading to a saturation of the nuclear central density,
⇢0. Quantum mechanically, the delocalization of nucleons5 leads to
a further homogeneity of the density. Extensive precision electron
scattering studies from stable nuclei6 confirm that their central
densities are essentially constant, with ⇢0 ⇡0.16 fm�3, independent
of the number of nucleons A. As a consequence, like a liquid drop,
the nuclear radii and volumes increase asA1/3 and asA, respectively.
Thus, a priori, bubble-like nuclei with depleted central densities
are unexpected.

Historically, the possibility of forming bubble nuclei was
investigated theoretically in intermediate-mass7–10, superheavy11
and hyperheavy systems12. In general, central depletions will arise
from a reduced occupation of single-particle orbits with low angular

momentum `. These wavefunctions extend throughout the nuclear
interior whereas those with high ` are more excluded by centrifugal
forces. For example, in a comparison of the charge densities of 206Pb
and 205Tl, the contribution from `=0 orbits (there 3s) is peaked at
the nuclear centre13. The amplitude of this central depletion in 205Tl
is of order 11%. Amuch larger central depletion of protons, of about
40% comparedwith stable 36S, was proposed in 34Si (refs 10,14) using
various mean field approaches, arising from the lack of protons in
the 2s1/2 orbital. However, recent theoretical calculations suggest
that nuclear correlations act to smoothen these orbital occupancies
in both the heavy and superheavy nuclei15,16 and in 34Si (ref. 17).
Here, we use the one-proton removal (�1p) reaction technique to
show that the 2s1/2 proton orbit in 34Si is in fact essentially empty, in
contrast to 36S where this 2s1/2 orbit is almost fully occupied by 1.7(4)
protons compared to the maximum occupancy of 2 (refs 18,19).

A beam of 4 ⇥ 105 34Si nuclei per second was produced by
the fragmentation of a 140MeVu�1 48Ca primary beam on a
846mg cm�2-thick 9Be target at the Coupled Cyclotron Facility at
the National Superconducting Cyclotron Laboratory. The 34Si then
impinged on a 9Be secondary target (100mg cm�2) producing 33Al
nuclei through the (�1p) reaction. These 33Al residues were iden-
tified through their measured energy loss in an ionization chamber
located at the focal plane of the S800 spectrograph, and their time of
flight between two scintillators placed at the object and image focal
planes of the device. Their trajectories were obtained from their
positions measured at two cathode-readout drift chambers.

Prompt �-rays, originating from the in-flight decay of excited 33Al
produced during the reaction, were detected in coincidence with the
33Al residues in the seven modules of the GRETINA array20 that
surrounded the target at angles near 90� and 58�. Event-by-event
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Figure 2 | Level scheme of 33Al with parallel momentum distributions of the strongest populated states. a, Level scheme of 33Al, obtained from the ���
coincidence spectra of Fig. 1, with energies (in keV) and branching ratios bKO

f (in %). Error bars on the bKO
f values result from the uncertainty in extracting

the intensity of the � transitions decaying from the corresponding levels. When these levels are fed from higher lying states, the corresponding feeding
contribution was subtracted, inducing larger error bars. As fed by many transitions, the branching ratio to the ground state therefore has the largest error
bar. The J⇡ assignments and experimental spectroscopic factors C2Sexp

norm of the strongest populated states are shown. Uncertainties on the C2Sexp
norm values

are derived from equation (1). They include the one, discussed above, on bKO
f and that on the empirical quenching factor RS, which amounts to about 20%.

b–g, Experimental parallel momentum, pk, distributions for the strongest populated states in 33Al (black crosses) are compared with theory, assuming
removal of an `=0 (red curves) or `=2 (blue curves) proton from the 34Si ground state. As explained in the Methods, the high-momentum part of pk is
considered in this comparison. Momentum distributions for weakly populated states (bKO

f < 1%) have insu�cient statistics to be exploited. Horizontal bars
correspond to the binning on the pk value. Vertical error bars are deduced from uncertainties on bKO

f per bin of pk value.

be increased by only 0.07 (3). This very small proton occupancy of
the 2s1/2 orbital, 10% of that in 36S, results in a large depletion of the
central density of protons in 34Si.

On the other hand, the neutron 2s1/2 orbit is essentially fully
occupied in 34Si, with a summed spectroscopic factor value of 2.0(3)
being deduced from the corresponding neutron removal reaction
from 34Si (ref. 23). Thus, 34Si exhibits a large proton-to-neutron
density asymmetry that, to our knowledge, has not been revealed
in any other nucleus. It is favoured because 34Si can be viewed
as a doubly magic nucleus in which mixing between normally
occupied and valence orbits is very limited23,24. The high energy of
its first excited state (3.3MeV), its low reduced transition probability
B(E2;0+ !2+) (ref. 25) and the small electric monopole strength
⇢(E0;0+

1 !0+
2 )26 complete this picture of doublemagicity. Figure 3

visualizes the changed proton densities and almost unchanged
neutron densities between 34Si and 36S from relativistic Hartree–
Fock–Bogoliubov calculations that use the PKO2 energy density
functional27 and which predict very similar proton and neutron
occupancies to those deduced here. It should however be noted
that mean field calculations do not all predict similar neutron and
proton density profiles in 34Si. Indeed, they are very sensitive to
the size of the proton and neutron gaps derived from the choice of
functionals, as well as to the treatment of pairing and quadrupole
correlations that act to reduce the central density depletion, as found
in ref. 17. Indeed, this model-dependence of the predictions of the
existence of a central depletion was a major motivation to perform
the present experiment.

With this di�erential two-fluid behaviour, 34Si o�ers unique
possibilities to test the density and proton-to-neutron (isospin)

dependence of the nuclear spin–orbit (SO) potential—which
generates most of the shell gaps that stabilize magic nuclei in the
chart of nuclides28,29. In most theoretical models, the SO potential
can be expressed in terms of the derivative of the proton and neutron
densities, with coe�cients that di�er by a factor of as much as two
between various relativistic or non-relativistic approaches (see for
example, the discussions in refs 11,29–33). These as yet unknown
density and isospin dependences of the SO interaction strongly
impact the evolution of the SO interaction and magic numbers as
one approaches the drip lines30,32, where the surface di�useness is
increased and consequently the SO interaction is expected to be
reduced. This influences the binding energies and the lifetimes, as
well as neutron capture rates and possibly fission barriers, of the
nuclei close to the neutron drip line that are involved in the synthesis
of elements in the Universe beyond Fe through the rapid neutron
capture process. This also impacts the location of a possible island
of stability for superheavy nuclei11 that di�er strongly depending
on the theoretical models used, and the puzzling discontinuity in
the isotope shifts observed for the Pb isotopes31,34, a phenomenon
that seems to be accounted for only by a certain category of models.
These aspects of the SO force have not previously been accessible
to experimental scrutiny as, in the vast majority of nuclei, the
saturation of the nuclear forces implies a near-constant central
density for protons and neutrons, and an almost universal surface
di�useness. The result is a SO force peaked at the proton and
neutron surfaces having a similar strength for allmodels. The central
proton density depletion in 34Si drives an additional (interior)
component of the SO force, with a sign opposite to that at the
surface. Therefore, low-` nucleons, which can probe the interior
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Figure 3 | Neutron and proton density distributions of the 34Si and 36S nuclei. a,b, Neutron (a) and proton (b) density distributions of 34Si computed using
relativistic Hartree–Fock–Bogoliubov calculations with the PKO2 interaction. c,d, As for a,b, for 36S. While the proton and neutron density distributions are
similar in 36S, they are significantly di�erent in 34Si, with a sizeable central depletion of protons. Orbital occupancies obtained from these calculations are
very similar to those deduced experimentally, providing a visualization of the proton and neutron density distributions in the two nuclei.

of the bubble, should encounter a much weaker overall SO force
(for example, refs 11,35) and display a significantly reduced SO
splitting. This prediction is in linewith the observed reduction of the
neutron 2p3/2 �2p1/2 splitting in 35Si (ref. 24), when compared with
neighbouring N =21 isotones. Such a sudden change by a factor of
two in amplitude is unique on the chart of nuclides and seems clearly
connected to the change in central nuclear density observed here.
Moreover, having di�erent proton and neutron central densities,
34Si can be used to constrain the isospin dependence of the SO
interaction in an unprecedentedmanner, for example, by identifying
models that predict the correct amplitude of the SO reduction.

Finally, atomic nuclei are usually highly incompressible, the
corresponding monopole modes involving very high excitation
energies36,37. Exhibiting a central density that is significantly lower
than the saturation density, 34Si may present new (soft) compression
modes at low energy with the potential to shed light on the recently
observed fragmentation of the giant monopole at low energy in
the neutron-rich 68Ni nucleus38. This information would in turn be
useful for testing di�erent models of the nuclear equation of state at
a density below the saturation density, important for instance in the
modelling of the neutron star crust.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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A proton density bubble in the doubly magic
34Si nucleus
A. Mutschler1,2, A. Lemasson2,3, O. Sorlin2*, D. Bazin4, C. Borcea5, R. Borcea5, Z. Dombrádi6,
J.-P. Ebran7, A. Gade4, H. Iwasaki4, E. Khan1, A. Lepailleur2, F. Recchia3, T. Roger2, F. Rotaru5, D. Sohler6,
M. Stanoiu5, S. R. Stroberg4,8, J. A. Tostevin9, M. Vandebrouck1, D. Weisshaar3 and K. Wimmer3,10,11

Many properties of the atomic nucleus, such as vibrations, rotations and incompressibility, can be interpreted as due to a two-
component quantum liquid of protons and neutrons. Electron scattering measurements on stable nuclei demonstrate that their
central densities are saturated, as for liquid drops. In exotic nuclei near the limits of mass and charge, with large imbalances
in their proton and neutron numbers, the possibility of a depleted central density, or a ‘bubble’ structure, has been discussed
in a recurrent manner since the 1970s. Here we report first experimental evidence that points to a depletion of the central
density of protons in the short-lived nucleus 34Si. The proton-to-neutron density asymmetry in 34Si o�ers the possibility to
place constraints on the density and isospin dependence of the spin–orbit force—on which nuclear models have disagreed for
decades—and on its stabilizing e�ect towards limits of nuclear existence.

M icroscopic systems composed of atoms or clusters can
exhibit intrinsic structures that are bubble-like, with small
or depleted central densities. For example, the fullerene

molecules, composed of C atoms, are structures with extreme
central depletion1. In nuclear physics, depletions also arise in nuclei
with well-developed cluster structures when clusters are arranged
in a triangle or ring-like structure—such as in the triple-↵ Hoyle
state2,3. Unlike such a non-homogeneous, clustered system, central
density depletions or bubble-like structures would be much more
surprising in homogeneous systems, such as typical atomic nuclei
with properties characteristic of a quantum liquid4.

This hindrance of bubble formation in atomic nuclei is inherent
in the nature of the strong force between nucleons, which is strongly
repulsive at short distances (below 0.7 fm), attractive at medium
range (⇡1.0 fm) and vanishes at distances beyond 2 fm. In a classical
picture, the medium-ranged attraction of nuclear forces implies
that nucleons interact strongly and attractively only with immediate
neighbours, leading to a saturation of the nuclear central density,
⇢0. Quantum mechanically, the delocalization of nucleons5 leads to
a further homogeneity of the density. Extensive precision electron
scattering studies from stable nuclei6 confirm that their central
densities are essentially constant, with ⇢0 ⇡0.16 fm�3, independent
of the number of nucleons A. As a consequence, like a liquid drop,
the nuclear radii and volumes increase asA1/3 and asA, respectively.
Thus, a priori, bubble-like nuclei with depleted central densities
are unexpected.

Historically, the possibility of forming bubble nuclei was
investigated theoretically in intermediate-mass7–10, superheavy11
and hyperheavy systems12. In general, central depletions will arise
from a reduced occupation of single-particle orbits with low angular

momentum `. These wavefunctions extend throughout the nuclear
interior whereas those with high ` are more excluded by centrifugal
forces. For example, in a comparison of the charge densities of 206Pb
and 205Tl, the contribution from `=0 orbits (there 3s) is peaked at
the nuclear centre13. The amplitude of this central depletion in 205Tl
is of order 11%. Amuch larger central depletion of protons, of about
40% comparedwith stable 36S, was proposed in 34Si (refs 10,14) using
various mean field approaches, arising from the lack of protons in
the 2s1/2 orbital. However, recent theoretical calculations suggest
that nuclear correlations act to smoothen these orbital occupancies
in both the heavy and superheavy nuclei15,16 and in 34Si (ref. 17).
Here, we use the one-proton removal (�1p) reaction technique to
show that the 2s1/2 proton orbit in 34Si is in fact essentially empty, in
contrast to 36S where this 2s1/2 orbit is almost fully occupied by 1.7(4)
protons compared to the maximum occupancy of 2 (refs 18,19).

A beam of 4 ⇥ 105 34Si nuclei per second was produced by
the fragmentation of a 140MeVu�1 48Ca primary beam on a
846mg cm�2-thick 9Be target at the Coupled Cyclotron Facility at
the National Superconducting Cyclotron Laboratory. The 34Si then
impinged on a 9Be secondary target (100mg cm�2) producing 33Al
nuclei through the (�1p) reaction. These 33Al residues were iden-
tified through their measured energy loss in an ionization chamber
located at the focal plane of the S800 spectrograph, and their time of
flight between two scintillators placed at the object and image focal
planes of the device. Their trajectories were obtained from their
positions measured at two cathode-readout drift chambers.

Prompt �-rays, originating from the in-flight decay of excited 33Al
produced during the reaction, were detected in coincidence with the
33Al residues in the seven modules of the GRETINA array20 that
surrounded the target at angles near 90� and 58�. Event-by-event
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Figure 2 | Level scheme of 33Al with parallel momentum distributions of the strongest populated states. a, Level scheme of 33Al, obtained from the ���
coincidence spectra of Fig. 1, with energies (in keV) and branching ratios bKO

f (in %). Error bars on the bKO
f values result from the uncertainty in extracting

the intensity of the � transitions decaying from the corresponding levels. When these levels are fed from higher lying states, the corresponding feeding
contribution was subtracted, inducing larger error bars. As fed by many transitions, the branching ratio to the ground state therefore has the largest error
bar. The J⇡ assignments and experimental spectroscopic factors C2Sexp

norm of the strongest populated states are shown. Uncertainties on the C2Sexp
norm values

are derived from equation (1). They include the one, discussed above, on bKO
f and that on the empirical quenching factor RS, which amounts to about 20%.

b–g, Experimental parallel momentum, pk, distributions for the strongest populated states in 33Al (black crosses) are compared with theory, assuming
removal of an `=0 (red curves) or `=2 (blue curves) proton from the 34Si ground state. As explained in the Methods, the high-momentum part of pk is
considered in this comparison. Momentum distributions for weakly populated states (bKO

f < 1%) have insu�cient statistics to be exploited. Horizontal bars
correspond to the binning on the pk value. Vertical error bars are deduced from uncertainties on bKO

f per bin of pk value.

be increased by only 0.07 (3). This very small proton occupancy of
the 2s1/2 orbital, 10% of that in 36S, results in a large depletion of the
central density of protons in 34Si.

On the other hand, the neutron 2s1/2 orbit is essentially fully
occupied in 34Si, with a summed spectroscopic factor value of 2.0(3)
being deduced from the corresponding neutron removal reaction
from 34Si (ref. 23). Thus, 34Si exhibits a large proton-to-neutron
density asymmetry that, to our knowledge, has not been revealed
in any other nucleus. It is favoured because 34Si can be viewed
as a doubly magic nucleus in which mixing between normally
occupied and valence orbits is very limited23,24. The high energy of
its first excited state (3.3MeV), its low reduced transition probability
B(E2;0+ !2+) (ref. 25) and the small electric monopole strength
⇢(E0;0+

1 !0+
2 )26 complete this picture of doublemagicity. Figure 3

visualizes the changed proton densities and almost unchanged
neutron densities between 34Si and 36S from relativistic Hartree–
Fock–Bogoliubov calculations that use the PKO2 energy density
functional27 and which predict very similar proton and neutron
occupancies to those deduced here. It should however be noted
that mean field calculations do not all predict similar neutron and
proton density profiles in 34Si. Indeed, they are very sensitive to
the size of the proton and neutron gaps derived from the choice of
functionals, as well as to the treatment of pairing and quadrupole
correlations that act to reduce the central density depletion, as found
in ref. 17. Indeed, this model-dependence of the predictions of the
existence of a central depletion was a major motivation to perform
the present experiment.

With this di�erential two-fluid behaviour, 34Si o�ers unique
possibilities to test the density and proton-to-neutron (isospin)

dependence of the nuclear spin–orbit (SO) potential—which
generates most of the shell gaps that stabilize magic nuclei in the
chart of nuclides28,29. In most theoretical models, the SO potential
can be expressed in terms of the derivative of the proton and neutron
densities, with coe�cients that di�er by a factor of as much as two
between various relativistic or non-relativistic approaches (see for
example, the discussions in refs 11,29–33). These as yet unknown
density and isospin dependences of the SO interaction strongly
impact the evolution of the SO interaction and magic numbers as
one approaches the drip lines30,32, where the surface di�useness is
increased and consequently the SO interaction is expected to be
reduced. This influences the binding energies and the lifetimes, as
well as neutron capture rates and possibly fission barriers, of the
nuclei close to the neutron drip line that are involved in the synthesis
of elements in the Universe beyond Fe through the rapid neutron
capture process. This also impacts the location of a possible island
of stability for superheavy nuclei11 that di�er strongly depending
on the theoretical models used, and the puzzling discontinuity in
the isotope shifts observed for the Pb isotopes31,34, a phenomenon
that seems to be accounted for only by a certain category of models.
These aspects of the SO force have not previously been accessible
to experimental scrutiny as, in the vast majority of nuclei, the
saturation of the nuclear forces implies a near-constant central
density for protons and neutrons, and an almost universal surface
di�useness. The result is a SO force peaked at the proton and
neutron surfaces having a similar strength for allmodels. The central
proton density depletion in 34Si drives an additional (interior)
component of the SO force, with a sign opposite to that at the
surface. Therefore, low-` nucleons, which can probe the interior
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Figure 3 | Neutron and proton density distributions of the 34Si and 36S nuclei. a,b, Neutron (a) and proton (b) density distributions of 34Si computed using
relativistic Hartree–Fock–Bogoliubov calculations with the PKO2 interaction. c,d, As for a,b, for 36S. While the proton and neutron density distributions are
similar in 36S, they are significantly di�erent in 34Si, with a sizeable central depletion of protons. Orbital occupancies obtained from these calculations are
very similar to those deduced experimentally, providing a visualization of the proton and neutron density distributions in the two nuclei.

of the bubble, should encounter a much weaker overall SO force
(for example, refs 11,35) and display a significantly reduced SO
splitting. This prediction is in linewith the observed reduction of the
neutron 2p3/2 �2p1/2 splitting in 35Si (ref. 24), when compared with
neighbouring N =21 isotones. Such a sudden change by a factor of
two in amplitude is unique on the chart of nuclides and seems clearly
connected to the change in central nuclear density observed here.
Moreover, having di�erent proton and neutron central densities,
34Si can be used to constrain the isospin dependence of the SO
interaction in an unprecedentedmanner, for example, by identifying
models that predict the correct amplitude of the SO reduction.

Finally, atomic nuclei are usually highly incompressible, the
corresponding monopole modes involving very high excitation
energies36,37. Exhibiting a central density that is significantly lower
than the saturation density, 34Si may present new (soft) compression
modes at low energy with the potential to shed light on the recently
observed fragmentation of the giant monopole at low energy in
the neutron-rich 68Ni nucleus38. This information would in turn be
useful for testing di�erent models of the nuclear equation of state at
a density below the saturation density, important for instance in the
modelling of the neutron star crust.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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group), incorporating 2p-2h neutron excitations across the
N ¼ 20 shell, have been carried out and show that the energy
of these configurations could indeed drop and even cross the
regular 0ℏ!, N ¼ 20 closed-shell configuration, resulting in
a different structure appearing at low excitation energy
(Caurier et al., 1998). This is illustrated in Fig. 2 for the
Mg nuclei in which the monopole gap, which is related to
the gap in the single-particle spectrum appearing between the
filled sd shell and the unfilled fp shell, is shown.

Figure 2 shows that a minimum in energy is reached at
N ¼ 20, increasing when adding neutrons to the fp shell-
model orbitals. Next, the correlation energy !ðEÞcorr, defined
as

!ðEÞcorr ¼ hð2p-2hÞ; 0þ j Ĥ j ð2p-2hÞ; 0þi
% hð0p-0hÞ; 0þ j Ĥ j ð0p-0hÞ; 0þi; (7)

is shown and gives the extra binding energy within the
truncated spaces, as a result of creating a 2p-2h neutron
excitation relative to a closed N ¼ 20 core. It is immediately
clear that the intruder configuration, in particular, at and near
to N ¼ 20, corresponds to a more correlated state compared
to the 0ℏ! states. Thus, low-lying 2p-2h intruder configura-
tions are favored only at and near to the N ¼ 20 neutron shell
closure.

Similar shell-model calculations have been performed
at the N ¼ 28 shell closure, incorporating 2p-2h neutron

excitations from the 1f7=2 into the higher-lying pf orbitals.
Results are obtained from the Z ¼ 28 doubly closed shell
56Ni nucleus, down to the Z ¼ 12, 14, neutron-rich, Mg and
Si nuclei (Caurier, Nowacki, and Poves, 2004).

The results of the N ¼ 20 and N ¼ 28 regions can be
combined and are shown in Fig. 3, in which the energy of
the lowest 0þ 2p-2h intruder configuration is given relative to
the 0ℏ! reference energy. It is clear that at N ¼ 20 a zone of
‘‘inversion’’ appears in which the intruder configuration be-
comes the lowest-lying state. Here we point out that the large
drop and ‘‘flat’’ behavior in energy of the 0þ2 intruder states
fits well with the schematic analysis of intruder 0þ states
described in Sec. II.A.3.a, and more, in particular, in Fig. 4. In
Fig. 4, one observes a rather flat variation of the intruder
excitation energy as a function of N (or Z).

For the N ¼ 28 isotones, on the other hand, the stability of
48Ca inhibits the formation of such an inversion but allows for
low-lying intruder 0þ states in 52Cr. However, moving to the
neutron-rich N ¼ 28 nuclei, it shows that for 40Mg and 42Si,
an inversion appears, mainly because of the large correlation
energy and the almost constant monopole energy for Z & 20.
Mixing is needed to obtain a more realistic description in the
N ¼ 28 region, which requires large-scale shell-model cal-
culations with, for Z & 20, a valence space that consists of
the full sd shell for the protons and the pf shell for neutrons.
For Z > 20, the full fp shell for both protons and neutrons
has been used (Caurier, Nowacki, and Poves, 2004).

The first set of conclusions following from the above shell-
model studies is the fact that, if one enters a region of nuclei
with a number of valence protons and a closed-neutron shell
or subshell, one has to consider the balance between, on one
side, the tendency to stabilize nuclei in a spherical shape for
0ℏ! configurations, and, on the other side, the deformation-
driving tendency when allowing the closed shells to be
broken with the subsequent formation of 2p-2h, etc.
configurations.

One can deduce an approximate expression for the corre-
lation energy which varies as nval!np-h with nval the number

of valence nucleons outside of the closed shells and np-h, the
number of particle-hole pairs excited across the closed shell.
Such a dependence results when the residual proton-neutron
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lowest neutron 2p-2h intruder 0þ states, resulting from diagonaliz-
ing in the separate subspaces. From Caurier et al., 1998, and
Caurier, Nowacki, and Poves, 2004.
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group), incorporating 2p-2h neutron excitations across the
N ¼ 20 shell, have been carried out and show that the energy
of these configurations could indeed drop and even cross the
regular 0ℏ!, N ¼ 20 closed-shell configuration, resulting in
a different structure appearing at low excitation energy
(Caurier et al., 1998). This is illustrated in Fig. 2 for the
Mg nuclei in which the monopole gap, which is related to
the gap in the single-particle spectrum appearing between the
filled sd shell and the unfilled fp shell, is shown.

Figure 2 shows that a minimum in energy is reached at
N ¼ 20, increasing when adding neutrons to the fp shell-
model orbitals. Next, the correlation energy !ðEÞcorr, defined
as

!ðEÞcorr ¼ hð2p-2hÞ; 0þ j Ĥ j ð2p-2hÞ; 0þi
% hð0p-0hÞ; 0þ j Ĥ j ð0p-0hÞ; 0þi; (7)

is shown and gives the extra binding energy within the
truncated spaces, as a result of creating a 2p-2h neutron
excitation relative to a closed N ¼ 20 core. It is immediately
clear that the intruder configuration, in particular, at and near
to N ¼ 20, corresponds to a more correlated state compared
to the 0ℏ! states. Thus, low-lying 2p-2h intruder configura-
tions are favored only at and near to the N ¼ 20 neutron shell
closure.

Similar shell-model calculations have been performed
at the N ¼ 28 shell closure, incorporating 2p-2h neutron

excitations from the 1f7=2 into the higher-lying pf orbitals.
Results are obtained from the Z ¼ 28 doubly closed shell
56Ni nucleus, down to the Z ¼ 12, 14, neutron-rich, Mg and
Si nuclei (Caurier, Nowacki, and Poves, 2004).

The results of the N ¼ 20 and N ¼ 28 regions can be
combined and are shown in Fig. 3, in which the energy of
the lowest 0þ 2p-2h intruder configuration is given relative to
the 0ℏ! reference energy. It is clear that at N ¼ 20 a zone of
‘‘inversion’’ appears in which the intruder configuration be-
comes the lowest-lying state. Here we point out that the large
drop and ‘‘flat’’ behavior in energy of the 0þ2 intruder states
fits well with the schematic analysis of intruder 0þ states
described in Sec. II.A.3.a, and more, in particular, in Fig. 4. In
Fig. 4, one observes a rather flat variation of the intruder
excitation energy as a function of N (or Z).

For the N ¼ 28 isotones, on the other hand, the stability of
48Ca inhibits the formation of such an inversion but allows for
low-lying intruder 0þ states in 52Cr. However, moving to the
neutron-rich N ¼ 28 nuclei, it shows that for 40Mg and 42Si,
an inversion appears, mainly because of the large correlation
energy and the almost constant monopole energy for Z & 20.
Mixing is needed to obtain a more realistic description in the
N ¼ 28 region, which requires large-scale shell-model cal-
culations with, for Z & 20, a valence space that consists of
the full sd shell for the protons and the pf shell for neutrons.
For Z > 20, the full fp shell for both protons and neutrons
has been used (Caurier, Nowacki, and Poves, 2004).

The first set of conclusions following from the above shell-
model studies is the fact that, if one enters a region of nuclei
with a number of valence protons and a closed-neutron shell
or subshell, one has to consider the balance between, on one
side, the tendency to stabilize nuclei in a spherical shape for
0ℏ! configurations, and, on the other side, the deformation-
driving tendency when allowing the closed shells to be
broken with the subsequent formation of 2p-2h, etc.
configurations.

One can deduce an approximate expression for the corre-
lation energy which varies as nval!np-h with nval the number

of valence nucleons outside of the closed shells and np-h, the
number of particle-hole pairs excited across the closed shell.
Such a dependence results when the residual proton-neutron
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tion (left panel) and the correlation energy in the normal and 2p-2h
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given for the Mg (Z ¼ 12) nuclei. From Caurier et al., 1998.

FIG. 3 (color online). Relative position of the lowest normal and
lowest neutron 2p-2h intruder 0þ states, resulting from diagonaliz-
ing in the separate subspaces. From Caurier et al., 1998, and
Caurier, Nowacki, and Poves, 2004.
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group), incorporating 2p-2h neutron excitations across the
N ¼ 20 shell, have been carried out and show that the energy
of these configurations could indeed drop and even cross the
regular 0ℏ!, N ¼ 20 closed-shell configuration, resulting in
a different structure appearing at low excitation energy
(Caurier et al., 1998). This is illustrated in Fig. 2 for the
Mg nuclei in which the monopole gap, which is related to
the gap in the single-particle spectrum appearing between the
filled sd shell and the unfilled fp shell, is shown.

Figure 2 shows that a minimum in energy is reached at
N ¼ 20, increasing when adding neutrons to the fp shell-
model orbitals. Next, the correlation energy !ðEÞcorr, defined
as

!ðEÞcorr ¼ hð2p-2hÞ; 0þ j Ĥ j ð2p-2hÞ; 0þi
% hð0p-0hÞ; 0þ j Ĥ j ð0p-0hÞ; 0þi; (7)

is shown and gives the extra binding energy within the
truncated spaces, as a result of creating a 2p-2h neutron
excitation relative to a closed N ¼ 20 core. It is immediately
clear that the intruder configuration, in particular, at and near
to N ¼ 20, corresponds to a more correlated state compared
to the 0ℏ! states. Thus, low-lying 2p-2h intruder configura-
tions are favored only at and near to the N ¼ 20 neutron shell
closure.

Similar shell-model calculations have been performed
at the N ¼ 28 shell closure, incorporating 2p-2h neutron

excitations from the 1f7=2 into the higher-lying pf orbitals.
Results are obtained from the Z ¼ 28 doubly closed shell
56Ni nucleus, down to the Z ¼ 12, 14, neutron-rich, Mg and
Si nuclei (Caurier, Nowacki, and Poves, 2004).

The results of the N ¼ 20 and N ¼ 28 regions can be
combined and are shown in Fig. 3, in which the energy of
the lowest 0þ 2p-2h intruder configuration is given relative to
the 0ℏ! reference energy. It is clear that at N ¼ 20 a zone of
‘‘inversion’’ appears in which the intruder configuration be-
comes the lowest-lying state. Here we point out that the large
drop and ‘‘flat’’ behavior in energy of the 0þ2 intruder states
fits well with the schematic analysis of intruder 0þ states
described in Sec. II.A.3.a, and more, in particular, in Fig. 4. In
Fig. 4, one observes a rather flat variation of the intruder
excitation energy as a function of N (or Z).

For the N ¼ 28 isotones, on the other hand, the stability of
48Ca inhibits the formation of such an inversion but allows for
low-lying intruder 0þ states in 52Cr. However, moving to the
neutron-rich N ¼ 28 nuclei, it shows that for 40Mg and 42Si,
an inversion appears, mainly because of the large correlation
energy and the almost constant monopole energy for Z & 20.
Mixing is needed to obtain a more realistic description in the
N ¼ 28 region, which requires large-scale shell-model cal-
culations with, for Z & 20, a valence space that consists of
the full sd shell for the protons and the pf shell for neutrons.
For Z > 20, the full fp shell for both protons and neutrons
has been used (Caurier, Nowacki, and Poves, 2004).

The first set of conclusions following from the above shell-
model studies is the fact that, if one enters a region of nuclei
with a number of valence protons and a closed-neutron shell
or subshell, one has to consider the balance between, on one
side, the tendency to stabilize nuclei in a spherical shape for
0ℏ! configurations, and, on the other side, the deformation-
driving tendency when allowing the closed shells to be
broken with the subsequent formation of 2p-2h, etc.
configurations.

One can deduce an approximate expression for the corre-
lation energy which varies as nval!np-h with nval the number

of valence nucleons outside of the closed shells and np-h, the
number of particle-hole pairs excited across the closed shell.
Such a dependence results when the residual proton-neutron
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FIG. 2 (color online). Schematic view of the 2p-2h neutron ex-
citations from the sd shell into the fp shell (upper panel). In the
lower part, the energy gap which equals the difference of the
monopole energy for the normal and 2p-2h intruder 0þ configura-
tion (left panel) and the correlation energy in the normal and 2p-2h
intruder 0þ configuration [as derived from Eq. (7)] (right panel) are
given for the Mg (Z ¼ 12) nuclei. From Caurier et al., 1998.

FIG. 3 (color online). Relative position of the lowest normal and
lowest neutron 2p-2h intruder 0þ states, resulting from diagonaliz-
ing in the separate subspaces. From Caurier et al., 1998, and
Caurier, Nowacki, and Poves, 2004.
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group), incorporating 2p-2h neutron excitations across the
N ¼ 20 shell, have been carried out and show that the energy
of these configurations could indeed drop and even cross the
regular 0ℏ!, N ¼ 20 closed-shell configuration, resulting in
a different structure appearing at low excitation energy
(Caurier et al., 1998). This is illustrated in Fig. 2 for the
Mg nuclei in which the monopole gap, which is related to
the gap in the single-particle spectrum appearing between the
filled sd shell and the unfilled fp shell, is shown.

Figure 2 shows that a minimum in energy is reached at
N ¼ 20, increasing when adding neutrons to the fp shell-
model orbitals. Next, the correlation energy !ðEÞcorr, defined
as

!ðEÞcorr ¼ hð2p-2hÞ; 0þ j Ĥ j ð2p-2hÞ; 0þi
% hð0p-0hÞ; 0þ j Ĥ j ð0p-0hÞ; 0þi; (7)

is shown and gives the extra binding energy within the
truncated spaces, as a result of creating a 2p-2h neutron
excitation relative to a closed N ¼ 20 core. It is immediately
clear that the intruder configuration, in particular, at and near
to N ¼ 20, corresponds to a more correlated state compared
to the 0ℏ! states. Thus, low-lying 2p-2h intruder configura-
tions are favored only at and near to the N ¼ 20 neutron shell
closure.

Similar shell-model calculations have been performed
at the N ¼ 28 shell closure, incorporating 2p-2h neutron

excitations from the 1f7=2 into the higher-lying pf orbitals.
Results are obtained from the Z ¼ 28 doubly closed shell
56Ni nucleus, down to the Z ¼ 12, 14, neutron-rich, Mg and
Si nuclei (Caurier, Nowacki, and Poves, 2004).

The results of the N ¼ 20 and N ¼ 28 regions can be
combined and are shown in Fig. 3, in which the energy of
the lowest 0þ 2p-2h intruder configuration is given relative to
the 0ℏ! reference energy. It is clear that at N ¼ 20 a zone of
‘‘inversion’’ appears in which the intruder configuration be-
comes the lowest-lying state. Here we point out that the large
drop and ‘‘flat’’ behavior in energy of the 0þ2 intruder states
fits well with the schematic analysis of intruder 0þ states
described in Sec. II.A.3.a, and more, in particular, in Fig. 4. In
Fig. 4, one observes a rather flat variation of the intruder
excitation energy as a function of N (or Z).

For the N ¼ 28 isotones, on the other hand, the stability of
48Ca inhibits the formation of such an inversion but allows for
low-lying intruder 0þ states in 52Cr. However, moving to the
neutron-rich N ¼ 28 nuclei, it shows that for 40Mg and 42Si,
an inversion appears, mainly because of the large correlation
energy and the almost constant monopole energy for Z & 20.
Mixing is needed to obtain a more realistic description in the
N ¼ 28 region, which requires large-scale shell-model cal-
culations with, for Z & 20, a valence space that consists of
the full sd shell for the protons and the pf shell for neutrons.
For Z > 20, the full fp shell for both protons and neutrons
has been used (Caurier, Nowacki, and Poves, 2004).

The first set of conclusions following from the above shell-
model studies is the fact that, if one enters a region of nuclei
with a number of valence protons and a closed-neutron shell
or subshell, one has to consider the balance between, on one
side, the tendency to stabilize nuclei in a spherical shape for
0ℏ! configurations, and, on the other side, the deformation-
driving tendency when allowing the closed shells to be
broken with the subsequent formation of 2p-2h, etc.
configurations.

One can deduce an approximate expression for the corre-
lation energy which varies as nval!np-h with nval the number

of valence nucleons outside of the closed shells and np-h, the
number of particle-hole pairs excited across the closed shell.
Such a dependence results when the residual proton-neutron
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lower part, the energy gap which equals the difference of the
monopole energy for the normal and 2p-2h intruder 0þ configura-
tion (left panel) and the correlation energy in the normal and 2p-2h
intruder 0þ configuration [as derived from Eq. (7)] (right panel) are
given for the Mg (Z ¼ 12) nuclei. From Caurier et al., 1998.

FIG. 3 (color online). Relative position of the lowest normal and
lowest neutron 2p-2h intruder 0þ states, resulting from diagonaliz-
ing in the separate subspaces. From Caurier et al., 1998, and
Caurier, Nowacki, and Poves, 2004.

Kris Heyde and John L. Wood: Shape coexistence in atomic nuclei 1471

Rev. Mod. Phys., Vol. 83, No. 4, October–December 2011

K	Heyde and	JL	Wood,
Rev	Mod	Phys	83	(2011)	1467

E	Caurier et	al, PRC	58	(1998)	2033

Use	two-neutron	transfer	to	connect	
0+ states	with	similar	configurations

Caution
● The	initial	state	should	be	known
● Reaction	process:

two	neutrons	as	a	cluster?
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The	0+ states	in	32Mg

T	Otsuka	et	al, PRL	104	(2010)	012501

tensor force. Note that vm’s for the GXPF1A interaction
(G matrix) are mostly repulsive (attractive) for j ! j0. We
subtract the tensor contribution as was done in Fig. 1(b),
and show the result in Fig. 1(d) as well as those of the
Gaussian central force with f0;1 ¼ 0:6f0;0 and f1;1 ¼
"0:8f0;0. The basic feature can be reproduced, while T ¼
1 j ¼ j0 cases need a certain attention as they show some
deviations also in sd shell as shown below.

Figures 1(e)–1(h) exhibit vm’s in the sd shell, similar to
what is shown in Figs. 1(a)–1(d). The SDPF-M interaction
[12] is taken as the realistic interaction. All features dis-
cussed for the pf shell are seen, and the tensor-subtracted
values are reproduced by the same Gaussian central force.
One sees repulsive corrections to vm’s from the G matrix
for T ¼ 1 and j ! j0, similar to our findings in the pf
shell. This correction is linked with the oxygen drip line, its
origin has been a puzzle, but has recently been resolved
[13].

Based on the above results, we introduce the monopole-
based universal interaction, VMU. As shown in Fig. 2, VMU

consists of two terms. The first term is the Gaussian central
force discussed so far, and should contain many compli-
cated processes including multiple meson exchanges. The
second one is the tensor force comprised of ! and "meson
exchanges [3]. The VMU interaction resembles Weinberg’s
original model for chiral perturbation theory [14], if one

replaces Fig. 2(a) by contact terms and 2(b) by the one-!
exchange potential.
Figure 3 shows applications of VMU, with the parameters

fixed above, to the shell evolution assuming a filling con-
figuration. Figure 3(a) depicts neutron SPEs around N ¼
20 for Z ¼ 8–20. Starting from SDPF-M SPEs at Z ¼ 8,
one sees the evolution of the N ¼ 20 gap, in a basically
consistent manner with other shell-model studies [12,15].
While the change is monotonic without the tensor force,
the tensor force produces a sharp widening from Z ¼ 8 to
14, and then stabilizes the gap towards Z ¼ 20. It is worth
mentioning that the normal SPEs arise at Z ¼ 20, whereas
at Z ¼ 8 the inversion between f7=2 and p3=2 occurs and
d3=2 is rather close to p3=2, leaving the major gap at N ¼
16. The central force lowers the neutron d3=2 SPE more
than the f7=2 SPE as protons occupy the sd shell due to
larger overlaps, yielding a wide N ¼ 20 gap at 40Ca. The
N ¼ 20 gap at Z# 14 is, however, largely due to the tensor
force, and becomes smaller if protons are excited to d3=2.
Figure 3(b) shows proton SPEs for the Z ¼ 28 core of

68–78Ni, by starting from empirical values [16] at N ¼ 40.
The SPE of p1=2 is not known empirically, and is placed
above p3=2 by the energy difference predicted by the
GXPF1A interaction. The orbit f5=2 crosses p3=2 at N ¼
45 consistently with a recent experiment [17], and the
f7=2 " f5=2 splitting is reduced by 2 MeV from N ¼ 40
to 50. For both, the tensor force plays crucial roles. This
lowering of f5=2 is seen in other shell-model results, while
the change is about a half of the present value [18].
Figure 3(c) shows neutron SPEs relative to d5=2 on top of

90Zr–100Sn, starting from empirical values at Z ¼ 40 ob-
tained by averaging with spectroscopic factors [19]. The
lowering of g7=2 is remarkable [20]. If there were no tensor-
force effects, g7=2 and h11=2 do not repel, ending up with
quite a different shell structure for 100Sn, making this
nucleus much softer. The closer spacing of g7=2 and d5=2
in 101Sn seems to be seen experimentally [21].
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FIG. 3 (color online). Single-particle energies calculated by VMU interaction. The dashed lines are obtained by the central force only,
while the solid lines include both the central force and the tensor force. Some states, e.g. f7=2 in (b), are hole states.

π + ρ meson
      exchange

(b)  tensor force : 
      

 (a) central force : 
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     (strongly renormalized)
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FIG. 2 (color online). Diagrams for the VMU interaction.
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Looking	for	the	second,	spherical	0+ in	32Mg
30Mg(t,p)32Mg

K	Wimmer	et	al.,	PRL	105	(2010)	252501

The	structure	of	0+ states	– 2/15
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Looking	for	the	second,	spherical	0+ in	32Mg
30Mg(t,p)32Mg
● 30Mg:	spherical	ground	state,

deformed	(intruder)	excited	state;
small	mixing

● 32Mg:	only	ground	state	0+ known,	deformed
Predictions	for	0+2 between	1.4	MeV	and	3	MeV

● Two-neutron	transfer	to
– find	the	second	0+
– determine	the	overlap

The	0+ states	in	32Mg

2p3/2
1f7/2

ν

20

1d5/2

1d3/2

2s1/2
16

K	Wimmer	et	al.,	PRL	105	(2010)	252501

1788	keV

885	keV

The	structure	of	0+ states	– 3/15
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Two-neutron	transfer	to	32Mg K	Wimmer	et	al.,	PRL	105	(2010)	252501

Looking	for	the	second,	spherical	0+ in	32Mg
30Mg(t,p)32Mg
● 30Mg	beam	at	REX-ISOLDE,	1.8	MeV/nucleon

(below	fusion	barrier	for	Ti)
● Tritium-implanted	Ti foil	(t:	40	μg/cm2)
● T-REX	charged-particle	detector
● Miniball 𝛾-ray	array

The	structure	of	0+ states	– 4/15
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Two-neutron	transfer	to	32Mg K	Wimmer	et	al.,	PRL	105	(2010)	252501

Looking	for	the	second,	spherical	0+ in	32Mg
30Mg(t,p)32Mg
● Two	states	identified,

well	separated

Particle identification
elastic scattered tritons and protons

protons from transfer reactions

particle identification:

forward direction strip by strip DE�E

backward direction protons are stopped in
DE detector

elastic scattered protons are stopped in the DE
detector
Forward direction:

Kathrin Wimmer ARIS conference 2011

The	structure	of	0+ states	– 5/15
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Two-neutron	transfer	to	32Mg K	Wimmer	et	al.,	PRL	105	(2010)	252501

Looking	for	the	second,	spherical	0+ in	32Mg
30Mg(t,p)32Mg
● Two	states	identified,

well	separated
● Angular	distributions:	𝑙=0
● 𝛾-ray	coincidences	with	excited	state:

no	2+ (18	cts expected	from	2+ at	886	keV)

The	structure	of	0+ states	– 6/15
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Two-neutron	transfer	to	32Mg K	Wimmer	et	al.,	PRL	105	(2010)	252501

Looking	for	the	second,	spherical	0+ in	32Mg
30Mg(t,p)32Mg
● Two	states	identified,

well	separated
● Angular	distributions:	𝑙=0
● 𝛾-ray	coincidences	with	excited	state:

no	2+ (18	cts expected	from	2+ at	886	keV)

g decay of the excited state
cut on excited state coincident g spectrum

two lines 172 and 886 keV:
cascade from a level at 1058 keV

assuming prompt decay:
18(3) counts expected for the 886 keV transition

2+ state not directly populated

Eexc = 1083(33) keV

large E0? Significant contributions only for unphysical values of r2(E0) > 10

long lifetime, decays behind MINIBALL
estimate based on GEANT4 simulation t > 10 ns

Kathrin Wimmer ARIS conference 2011

Few	counts:
𝜏 >	10	ns

The	structure	of	0+ states	– 6/15
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Two-neutron	transfer	to	32Mg K	Wimmer	et	al.,	PRL	105	(2010)	252501

Looking	for	the	second,	spherical	0+ in	32Mg
30Mg(t,p)32Mg
● Two-step	transfer?

30Mg(t,d)	large	negative	Q-value

● 0+2 lower	than	predicted
● Long	lifetime
● Similar	cross	sections

2p3/2
1f7/2

ν

20

1d5/2

1d3/2

2s1/2
16

● (p3/2)2 component,	strong	in	the	g.s.
● Mixing	between	the	0+s?
→	Measure	monopole	strength	for	0+2

Ground state configuration
Ground state:

Sum of (2p3/2)2 and (1f7/2)2 needed
a · (2p3/2)2 +b · (1f7/2)2 with a� 0.7 and b <

p
1�a2

a2 � 0.5 is the weight of the (2p3/2)2 configuration in the ground state
wave-function
SDPF-M calculation underestimates the (p3/2)2 contribution
in agreement with knock-out data

J. R. Terry et al., Phys. Rev. C 77 014316, R. Kanungo et al., Phys. Lett. B 685 253

Kathrin Wimmer ARIS conference 2011

Configuration of the excited state
excited 0+ state:

by adding a small (2p3/2)2 amplitude the data can be reproduced

(2p3/2)2 amplitude with a = 0.30(4)

such a small (2p3/2)2 contribution was also observed for the ground state of 30Mg
J. R. Terry et al., Phys. Rev. C 77 014316

this may indicate a larger shape mixing than in 30Mg

Kathrin Wimmer ARIS conference 2011

≈(1d3/2)2

≈(1d3/2)2

0+ gs

0+2

: a ≥ 0.5

The	structure	of	0+ states	– 7/15
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Looking	for	the	second,	spherical	0+ in	32Mg
30Mg(t,p)32Mg
● Two-step	transfer?

30Mg(t,d)	large	negative	Q-value

● 0+2 lower	than	predicted
● Long	lifetime
● Similar	cross	sections

2p3/2
1f7/2

ν
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2s1/2
16

● (p3/2)2 component,	strong	in	the	g.s.
● Mixing	between	the	0+s?
→	Measure	monopole	strength	for	0+2

Ground state configuration
Ground state:

Sum of (2p3/2)2 and (1f7/2)2 needed
a · (2p3/2)2 +b · (1f7/2)2 with a� 0.7 and b <

p
1�a2

a2 � 0.5 is the weight of the (2p3/2)2 configuration in the ground state
wave-function
SDPF-M calculation underestimates the (p3/2)2 contribution
in agreement with knock-out data

J. R. Terry et al., Phys. Rev. C 77 014316, R. Kanungo et al., Phys. Lett. B 685 253

Kathrin Wimmer ARIS conference 2011

Configuration of the excited state
excited 0+ state:

by adding a small (2p3/2)2 amplitude the data can be reproduced

(2p3/2)2 amplitude with a = 0.30(4)

such a small (2p3/2)2 contribution was also observed for the ground state of 30Mg
J. R. Terry et al., Phys. Rev. C 77 014316

this may indicate a larger shape mixing than in 30Mg

Kathrin Wimmer ARIS conference 2011

≈(1d3/2)2

≈(1d3/2)2

0+ gs

0+2

: a ≥ 0.5

The	structure	of	0+ states	– 7/15
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The	0+ states	in	68Ni

Level scheme from F.	Recchia et	al.
PRC	88	(2013)	041302R

Recent	experimental	work
● F.	Flavigny et	al.,	PRC	91	(2015)	034310
● S.	Suchyta et	al.,	PRC	89 (2013)	021301R
● F.	Recchia et	al.,	PRC	88 (2013)	041302R
● R.	Broda et	al.,	PRC	86 (2012)	064312
● C.	J.	Chiara	et	al.,	PRC	86 (2012)	041304R
● A.	Dijon	et	al.,	PRC	85 (2012)	031301R

Crucial	information
● Precise	measurement	of	0+2 energy

Since	1982:	1770(30)		keV from	70Zn(14C,16O)68Ni
Now:	1603.5(3)	keV

● Two	transitions	feeding	0+2 (1139	and	2420	keV)
● Firm	assignment	of	several	spin/parities

Three	0+ states
and	two	2+ states	
below	2.8	MeV

The	structure	of	0+ states	– 8/15
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The	0+ states	in	68Ni

68Ni

0

1604

2033

2511
2743

4026
4164

0+

0+

2+

0+
2+

(2+)
(2+)

Exp
0

1368

1989

2629

2863

0+

0+

2+

0+
2+

LNPS

56(12)	

757	

41168

B(E2,down)	values	in	e2fm4

0.311

(0p0h	+	2p2h)ν

(2p2h	+	0p0h)ν

(2p2h)π +	(4p4h)ν

β =	0.4		(prolate)

β =	–0.16	(oblate)

"The	0+1 and	0+2 states	"are	
characterized	by	"similar	proton	
occupancies	with	leading	0p-0h	
(neutron)	configuration	for	the	0+1
ground	state	and	2p-2h	(neutron)	
configurations	for	the	0+2."	

"dominant	proton	configuration	
has	exactly	two	f7/2	protons	less	
than	the	ground	state"

Large-scale Shell	Model	with LNPS	interaction
S	Lenzi et	al,	PRC	82	(2010)	054301	

● 48Ca	core,		π	pf	– ν	pfg9/2d5/2 to	describe	Fe	and	Cr		

The	structure	of	0+ states	– 9/15
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The	0+ states	in	68Ni
Monte-Carlo	Shell-Model			Y.	Tsunoda et	al.,	PRC	89	(2014)	031301R

● Full		pf	+	g9/2 +	d5/2 for	both	neutrons	and	protons

The	structure	of	0+ states	– 10/15
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Two-neutron	transfer	to	68Ni J	Elseviers,	PhD thesis,	KU	Leuven

Probing	the	structure	of	0+ and	2+ states	in	68Ni
66Ni(t,p)68Ni	at	2.6	MeV/nucleon

● Few	g’s	to	ground	state

● No	p-g-g coincidences Co
un

ts
/2
ke
V

V

21+® 01+ 2033keV
41+® 21+ 1115keV

22+® 01+ 2744keV

68Ni

1604
-------16

04
---
---
-

The	structure	of	0+ states	– 11/15
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Two-neutron	transfer	to	68Ni J	Elseviers,	PhD thesis,	KU	Leuven

Probing	the	structure	of	0+ and	2+ states	in	68Ni
66Ni(t,p)68Ni	at	2.6	MeV/nucleon

● Population	of	0+2 :		5.4(11)%	of	g.s.
● Upper	limits		(<4%)	on	population

of		0+3 and	2+2
68Ni

1604
-------16

04
--
--
--
-

The	structure	of	0+ states	– 12/15
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Two-neutron	transfer	to	68Ni J	Elseviers,	PhD thesis,	KU	Leuven

The	structure	of	0+ states	– 13/15

Probing	the	structure	of	0+ and	2+ states	in	68Ni
66Ni(t,p)68Ni	at	2.6	MeV/nucleon
● Two-neutron	overlap	amplitudes

from	MCSM	(T.	Otsuka)
pf+g9/2+d5/2 both	protons	and	neutrons

● Works	well	for	the	0+s
does	not	reproduce	the	2+1



Riccardo	Raabe – KU	Leuven International	School	of	Physics	“Enrico	Fermi”	– Varenna,	14-19/07/2017

Two-neutron	transfer	to	68Ni J	Elseviers,	PhD thesis,	KU	Leuven

Probing	the	structure	of	0+ and	2+ states	in	68Ni
66Ni(t,p)68Ni	at	2.6	MeV/nucleon
● Two-neutron	overlap	amplitudes

from	MCSM	(T.	Otsuka)
pf+g9/2+d5/2 both	protons	and	neutrons

f5/2 p3/2 p1/2 g9/2
66Ni		gs 4.53 3.34 1.07 1.06
68Ni		gs 5.19 +0.66 3.59 +0.25 1.73 +0.66 1.49 +0.43
68Ni		0+2 5.01 +0.48 3.44 +0.10 1.14 +0.07 2.41 +1.35

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

Shape	Coexistence 68Ni β-decay Transfer Outlook/Summary

Calculation	of	cross	sections PhD	of	Jytte Elseviers (KU	Leuven)

f5/2 p3/2 p1/2 g9/2

66Ni		gs 4.53 3.34 1.07 1.06
68Ni		gs 5.19 +0.66 3.59 +0.25 1.73 +0.66 1.49 +0.43
68Ni		0+2 5.01 +0.48 3.44 +0.10 1.14 +0.07 2.41 +1.35

neutron	- occupation	numbers -protons

01+

02+

21+

● Two-neutron	overlap	amplitudes
from	MCSM	(T.	Otsuka)
pf+g9/2+d5/2 both	protons	and	neutrons

The	structure	of	0+ states	– 14/15

3s1/2

2p1/2

ν
1f5/2

2d5/2

1g9/240

50

2p3/2



Riccardo	Raabe – KU	Leuven International	School	of	Physics	“Enrico	Fermi”	– Varenna,	14-19/07/2017

Two-neutron	transfer	to	68Ni J	Elseviers,	PhD thesis,	KU	Leuven

Probing	the	structure	of	0+ and	2+ states	in	68Ni
66Ni(t,p)68Ni	at	2.6	MeV/nucleon
● Two-neutron	overlap	amplitudes

from	MCSM	(T.	Otsuka)
pf+g9/2+d5/2 both	protons	and	neutrons

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

Shape	Coexistence 68Ni β-decay Transfer Outlook/Summary

Calculation	of	cross	sections PhD	of	Jytte Elseviers (KU	Leuven)

f5/2 p3/2 p1/2 g9/2

66Ni		gs 4.53 3.34 1.07 1.06
68Ni		gs 5.19 +0.66 3.59 +0.25 1.73 +0.66 1.49 +0.43
68Ni		0+2 5.01 +0.48 3.44 +0.10 1.14 +0.07 2.41 +1.35

neutron	- occupation	numbers -protons

01+

02+

21+

● Two-neutron	overlap	amplitudes
from	MCSM	(T.	Otsuka)
pf+g9/2+d5/2 both	protons	and	neutrons

The	structure	of	0+ states	– 14/15

Agreement	for	0+1,2 states
0+1 state	populated	by	transfer	filling	N=40
0+2 state	populated	by	transfer	across	N=40

3s1/2

2p1/2

ν
1f5/2

2d5/2

1g9/240

50

2p3/2
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0+s	in	Pb:	same	mechanism?
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

The	structure	of	0+ states	– 15/15

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
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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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Improvements	– Experimental	side
Kinematic	compression
● Solved	by	the	HELIOS	approach
𝐸��  = 𝐸�¡ − 𝐴 + 𝐵𝑧

● At	Argonne	and	soon	at	ISOLDE

Final	remarks	– 1/3
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Improvements	– Experimental	side
Target	thickness	vs	resolution
● Solved	by	the	Active	Target	approach

Large	thickness	but	detection	of	the	vertex	
● ACTAR	TPC,	SpecMAT

gas	volume
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Improvements	– Theoretical	side

Reaction	mechanism

● Weakly	bound	nuclei
– Effects	of	extended	matter	distributions
– Effects	of	continuum

● Transfer	to	the	continuum
– Spectroscopic	factors?

● Multi-step	processes
– Importance	at	low	energies
– Include	in	calculations

Final	remarks	– 3/3
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…thank	you	for	your	attention!


