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In the absence of Coulomb interactions between the 
protons, a perfectly charge-symmetric and charge-
independent nuclear force would result in the binding 
energies of all these isobaric analogue nuclei being 
identical; that is, they would be structurally 
identical.

Isobaric Spin (Isospin)
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Candidates for three excited states in the N = Z - 2 nucleus, 66Se have been identified using the
recoil �-tagging method with improved sensitivity through the implementation of a veto detector
for charged-particle evaporation channels. Combining these results with the recent observation of
T = 1 states up to J⇡ = 6+ in the 66As allows comparison of mirror and triplet energy di↵erences
between analogue states across the A = 66 triplet as a function of spin. This constitutes the only
system above 56Ni where such data presently exists. The extracted triple energy di↵erences closely
follow the negative trend observed in the f7/2 shell. Shell-model calculations indicate that as in
the f7/2 shell, the Coulomb isotensor part accounts for only half of the observed trend, pointing to
similar behaviour of the nuclear isospin non-conserving interaction as a function of mass.

PACS numbers: 21.10.Sf, 21.10.Re, 21.60.Cs, 27.50.+e

The concept of isospin is a useful and natural one
for classifying nuclear states. For mirror nuclei, which
have the same mass but where the number of protons
and neutrons is interchanged, mirror energy di↵erences
(MED) [1] may be defined as a function of spin, J :

MEDJ = E⇤
J,Tz=�1 � E⇤

J,Tz=+1. (1)

The MED relates to isovector energy di↵erences; if all
forces were charge-symmetric then the MED ought to be
zero. In practice, it is found that MED vary as a func-
tion of angular momentum on an energy scale of around
⇠100 keV. Even on the assumption of perfect symme-
try of the wavefunctions of the isobaric analogue states
(IAS), calculating the MED for a specific case can be
complex. In addition to the expected two-body Coulomb
e↵ects, contributions to the MED are expected from a
large number of one-body e↵ects such as single-particle
Coulomb shifts, the electromagnetic spin-orbit interac-
tion, and changes in radius or shape as a function of spin.
In cases of weak binding, the breakdown of the symmetry
can also lead to further e↵ects such as Thomas-Ehrman
shifts. Where mirror states are well bound, there has
been considerable success in calculating MED and a good
correspondence is found with experiment for nuclei in the
f7/2 shell [1].

Analogue states in pairs of mirror nuclei are subsets
of complete isobaric multiplets - i.e. sequences of isobars
where states are characterised by the same isospin quan-
tum number T. The simplest case are T = 1 triplets, in
nuclei with Tz = (N � Z)/2 = 0,±1 where, in addition
to the MED, the triplet energy di↵erence (TED) [1] may
be evaluated:

TEDJ = E⇤
J,Tz=�1 + E⇤

J,Tz=+1 � 2E⇤
J,Tz=0. (2)

TEDs are isotensor energy di↵erences and probe a dif-
ferent aspect of the nuclear interaction. They are sensi-
tive to charge-dependent e↵ects since they reflect the dif-
ference between the average of the pp and nn interaction
and the np interaction. TEDs have a special property
that make them particularly attractive to study. This is
because TEDs are simpler to evaluate theoretically since,
in principle, all the one-body terms discussed above can-
cel out in the TED calculations, leaving only contribu-
tions of two-body (i.e. multipole) interactions. These
may have one or two possible origins: a Coulomb in-
teraction and/or a nuclear isospin non-conserving (INC)
interaction and so TEDs have the capability to shed light
on the balance between these terms. It should be noted
that this interpretation of the TED assumes perfect sym-
metry between the wavefunctions of the IAS.
Extensive information on MED and TED exists for the

sd shell, where the relevant nuclei lie close to or on the
line of stability. Over the last fifteen years, information
on low-lying excited states has been gathered in the f7/2
shell, allowing the MED and TED to be studied for the
A = 46 [2] and A = 54 [3] triplets. It would be of high in-
terest to pursue these investigations beyond 56Ni. Here,
the nuclear structure is expected to become significantly
more complex with more orbitals involved. In addition,
phenomena of shape coexistence, driven by the increas-
ing occupancy of the g9/2 orbital, is observed. Unfortu-
nately, while some information on excited states is avail-
able for nearly all the odd-odd N = Z nuclei between 56Ni
and 100Sn, data for the corresponding T z = �1 nuclei is
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For T=1 triplets:

Mirror energy differences are isovector and sensitive to:
single-particle Coulomb shifts, electromagnetic spin-orbit interaction,
changes of shape/radius of nuclei

Isotensor energy differences reflecting differences between nn, pp and pn force.
Not sensitive to one-body terms but only two-body
i.e. sensitive to Coulomb multipole and isospin-nonconserving forces



Shapes of N=Z nuclei

Very, very sensitive to underlying quantum structure… 
The original phenomonological “M-M” theory,  
(Microscopic Macroscopic)  was very sound. 

P. Moller and  J.R. Nix. At.  Nuc. Data Tables, 26 (1981) 1965 
S. Aberg. Phys Scr. 25 (1982) 23 
W. Nazarewicz. Nucl. Phys A435 (1985) 397. 
R. Bengtsson. Conf on the structure in the zirconium region, 1988 

{Classic “Potential Energy Surface” calculations 
 ….  BUT

The whole concept of isolated “shapes” is naive: there are multiple shapes 
with lots of mixing, as the barriers between shapes are not high.

Very Prolate
Oblate
Triaxial



Recoil-decay tagging
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Recoil-beta tagging
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RDT Instrumentation at JYFL

JUROGAM

RITU 
Gas-filled recoil separator 

Transmission 20-50 %

GREAT 
Focal plane 
spectrometer

TDR 
Total Data Readout 
Triggerless data acquisition system 
with 10 ns time stamping
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Test case: 74Rb
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Proof-of-principle

� natCa (36Ar, pn) 74Rb 
� Ebeam = 103 MeV 
� τ½ (74Rb) = 65 ms 
� β+

endpoint  ~ 10 MeV 
� σ  ~ 10 µb
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74Rb



Unknown case:78Y

� Nothing known about 78Y except 0+ 
superallowed decay and (5+) beta-
decaying isomer 

� RBT technique applied using 
40Ca(40Ca,pn)78Y reaction 

� Cross-section should be very similar 
to 74Rb 

� 90% of flux proceeds to low-lying 
isomer 

� Isomer is too long-lived for effective 
tagging

11
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Crossing the line of N=Z



UoY 								
• Designed	to	suppress	events	associated	with	cp	
evapora3on	channels.	

• Consists	of	96	20	x	20	mm	CsI	crystals	
(Hamamatsu)	divided	into	6	flanges	(8	x	2	
crystals	in	each	flange).	

• Signal	chain:	Mesytech	preamplifiers	->	”GO-
box”	->	Lyrtech	ADCs.	

• Measured	detec3on	efficiency	for	1	charged	
par3cle	is	80-90	%.

JurogamIILISA	chamberRITU



New DSSD

Recoil	map	from	the	
(old)	GREAT	DSSD

• As	RITU	is	designed	to	operate	on	heavy	mass	regions,	recoil	separa3on	
is	not	anymore	op3mal	in	the	A~70	region.		

• Recoil	distribu3on	is	focused	on	the	right	hand	side	of	the	DSSD	(beam	
and	sca\ered	components	follow	closely	the	recoil	distribu3on	so	it	can	
not	be	centered).	

• 8	kHz	rate	is	impinged	only	on	the	half	of	the	ac3ve	area	of	the	DSSD	
which	in	turn	increases	risk	of	random	correla3ons!	

• Device	was	tested	with	28Si	+	40Ca	reac3on	at	Eb=75	MeV	with	various	
different	beam	intensi3es	(simultaneously	with	phoswich	or	planar	ge	
set-up). New	DSSD	design

• Only	right	hand	side	works	as	an	ac3ve	
detector.	

• Consists	of	120	x	80	strips	with	strip	pitch	
of	0.480	mm	

• 500	mm	thick	

• In	total	~10000	pixels!	

• ->	0.8	Hz	recoil	rate	/	pixel.

Slides	from	Panu	Ruotsalainen



Phoswich scintillator

Scin3llator	head

Light-guide

BC-404	
(”fast”)	
d	=	10	mm

BC-444	
(”slow”)	
d	=	31.5	mm

• BC-404:	rise	3me	~	0.7	ns,	decay	3me	~	1.8	ns,	light	output	68	%	of	anthracene	
• BC-444:	rise	3me	~	19.5	ns,	decay	3me	~	285	ns,	light	output	41	%	of	anthracene	

3	x	PMT	
(Hamamatsu,	10	
dynode	stages)

Beta-par3cles

• High/low	energy	beta-par3cle	detec3on	and	discrimina3on:	Direct	energy	&	full	pile-up	discrimina3on!	
• Beta/gamma	discrimina3on	
• Discrimina3ons	can	be	done	on	the	basis	of	pulse	shape	analysis.



17

P. Ruotsalainen et al., Phys. Rev. C 83, 037303 (2013) 

66Se
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FIG. 3. (Color online) Calculated CED for mass numbers A =
66, 70, 74, and 78. Data are taken from Refs. [19– 22].

calculation without INC. The calculation shown in Fig. 2(b)
reproduces the TED data [19,21] remarkably well. We thus
conclude that the INC interaction enhances the MED and
TED significantly and is responsible for the isospin symmetry
breaking in the upper fp shell. To reproduce the experimental
MED for the 6+ state, the J = 2 INC pairing interaction
alone may be used, as discussed in Refs. [9,34]. As seen
in Fig. 2, however, the J = 2 INC pairing calculation with
βJ=2

(2) = βJ=2
(1) = −200 keV fails to describe the MED for

J = 2 and TED for J = 4, although it reproduces the MED
data for J = 6. From Fig. 2(b), it is clear that the experimental
TED patterns are quite nicely reproduced by the J = 0 INC
pairing interaction [10] alone.

We have carefully checked the proposed INC interaction
to see whether the present parameter choice of INC also
reproduces CED (the Coulomb energy difference between the
T = 1 states in the odd-odd N = Z nuclei and the analogue
states in their even-even partners). As seen in Fig. 3, inclusion
of the same INC interaction gives essentially a similar
description for CED of A = 66, 70, 74, and 78, although
the agreement with data is slightly better for the results
without INC [16]. We may thus conclude that the present
two-parameter INC interaction can correctly describe all the
existing data (MED, TED, and CED) for the mass A = 66.

With inclusion of the J = 0 INC interaction, Fig. 4 shows
the calculated MED for the upper fp-shell nuclei with A = 66,
70, 74, and 78. Large variations in MED are seen in these
nuclei, in both the spin-dependent trend and the magnitude.
We can analyze the shell-model results by studying the com-
ponents of the Hamiltonian. In Fig. 4, the separated multipole,
spin-orbit, and monopole parts are denoted by VCM, εls , and
εll , respectively. For the A = 66 mirror pair 66Se-66Ge, εls , and
VCM have negative values for the J π = 0+,2+ and 4+ states,
while εll is positive. The net MEDs from summation of the
three terms are small and negative, which reproduces the exper-
imental MEDs for the 2+ state [19,21]. The MED components
for the A = 70 mirror pair 70Kr-70Se are large and negative
for εls , but positive for VCM and nearly zero for εll . Since the
magnitudes of εls are larger, the total MED indicate negative
values with large magnitudes. This suggests that the spin-orbit
contribution is responsible for the negative MED in 70Kr-70Se.
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For the A = 74 mirror pair 74Sr-74Kr, the components indicate
a similar overall behavior as those in the A = 66 pair. However,
εll is found significantly larger in the A = 74 pair and is
dominant in the summation. Therefore, the A = 74 MEDs
are positive. Comparison of the corresponding components of
A = 66 and 74 suggests that the cross-conjugate [8] feature of
these two pairs, when only the Coulomb part in the interaction
is considered, originates from the different contributions of
the monopole term εll in the Coulomb interaction. The INC
interaction tends to break the cross-conjugate symmetry. For
78Zr-78Sr, all components are small and positive, and the total
MEDs are therefore small and positive.

Next, we discuss TEDs in the T = 1 triplet nuclei. Figure 5
shows the calculated TED for A = 66, 70, 74, and 78. One
sees that, in consistent with the known experimental TEDs for
A = 22 to 66 shown in Fig. 1(b), all the total TED (denoted
by VCM+ls+ll+INC) have negative values. We can easily see
the origin for the negative TED from its definition in Eq. (2).
This quantity is given by twice of the difference between the
average excitation energy of two even-even analogue states and
that of the odd-odd analogue state. In Fig. 1, the experimental
data indicate that the excitation energy of the odd-odd T = 1,
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For the A = 74 mirror pair 74Sr-74Kr, the components indicate
a similar overall behavior as those in the A = 66 pair. However,
εll is found significantly larger in the A = 74 pair and is
dominant in the summation. Therefore, the A = 74 MEDs
are positive. Comparison of the corresponding components of
A = 66 and 74 suggests that the cross-conjugate [8] feature of
these two pairs, when only the Coulomb part in the interaction
is considered, originates from the different contributions of
the monopole term εll in the Coulomb interaction. The INC
interaction tends to break the cross-conjugate symmetry. For
78Zr-78Sr, all components are small and positive, and the total
MEDs are therefore small and positive.

Next, we discuss TEDs in the T = 1 triplet nuclei. Figure 5
shows the calculated TED for A = 66, 70, 74, and 78. One
sees that, in consistent with the known experimental TEDs for
A = 22 to 66 shown in Fig. 1(b), all the total TED (denoted
by VCM+ls+ll+INC) have negative values. We can easily see
the origin for the negative TED from its definition in Eq. (2).
This quantity is given by twice of the difference between the
average excitation energy of two even-even analogue states and
that of the odd-odd analogue state. In Fig. 1, the experimental
data indicate that the excitation energy of the odd-odd T = 1,
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FIG. 5. (Color online) Calculated TED for mass number A = 66,
70, 74, and 78. Data are taken from Refs. [19– 22].
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Prospects with MARA



2.7. Simulated performance of MARA 127
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Figure 2.45: Distributions of a) charge, b) kinetic energy and c) horizontal angle
(a) of 78Zr (black line and multiplied by 4 ·104) and all relevant fusion products (gray
line). Subfigure (d) shows the production rate of the recoils at the target as a function
of mass number (note: 78Zr counts are not multiplied). The percentage values in (a)
show the relative abundancy of the individual charge states of 78Zr. The number of
counts reflects PACE4 cross-sections and beam intensity of 1 · 1010 1/s.

128 2. Vacuum-mode mass separator MARA
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Figure 2.46: Horizontal position distributions at a) 10 cm upstream (MS1) and b)
10 cm downstream (MS2) from the focal plane. These are the positions where mass
slits can be set. Thin lines in subfigure (b) represent recoils stopped at the first mass
slits shown by (a). Recoils hitting the hatched region will be stopped.
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New UoYtube
Change from CsI(Tl) to fast plastic plus 
silicon photomultiplier (SiPM) 

No need to preamplify signals - 
significant simplification to electronics 
chain 

Very fast counting rates possible



Future directions
- Using MARA should be significantly cleaner for 2n 

channel: 
- A/q selection can remove 3p channel completely and this was the 

largest contaminant of our spectra 
- New UoYtube may provide improved vetoing 
- MARA is optimised for symmetric reactions 
- Scattered beam may be much less limiting 
- We can carry out a real excitation function as we were limited before by 

which recoils RITU could transport 
- Focal plane silicon detector is large - at least two charged states may 

be collected 

- Accelerated ISOL beams: 
- Unsafe Coulomb excitation to populate levels for mirror symmetry 

comparison (IOP workshop of Nara Singh - 16/1/18 Manchester) 
- Safe Coulomb excitation to obtain and compare EM matrix elements 

across isospin multiplets 



Conclusions
New techniques developed to study structure of nuclei beyond the line of N=Z:

- Beta-tagging
- Charged particle veto
- Highly-pixellated silicon detectors

Results obtained on excited states of N=Z-2 nuclei: 66Se, 70Kr and 74Sr

TED extracted and compared with shell model calculations

TED appear to need additional isospin-nonconserving component to reproduce them
as earlier shown in f7/2 shell

TED can be reproduced using 100 keV INC term irrespective of orbitals involved e.g. fp
for 66Se and g9/2 for 74Rb

What is the origin of this INC component in terms of nuclear force?

Prospects to extend studies to e.g. 78Zr are very favourable with MARA


