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Phases of (macroscopic) matter - phase transitions

Can we observe something similar in the nucleus?

Temperature dependence of specific heat of BaTiO3 single crystal around the 
paraelectric-ferroelectric phase transition point Tc
S. Grabovsky, M. Takesada, A. Onodera et al., Annual Meeting of Physical Society 
of Japan, March 2012

https://socratic.org

H (λ) = (1−η)H0 +ηH1 η  - "control" parameter

d < H (η)>
dη

 discontinuity at  η=ηcr

1st order phase transition:
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Nuclear pairing quantum phase transi2on

Thermal and electromagnetic properties of 166Er and 167Er
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The primary #-ray spectra of 166Er and 167Er are deduced from the (3He,$#) reaction and the (3He,3He!#)
reaction, respectively, enabling a simultaneous extraction of the level density and the #-ray-strength function.
Entropy, temperature, and heat capacity are deduced from the level density within the microcanonical and
canonical ensembles, displaying signals of a phaselike transition from the pair-correlated ground state to an
uncorrelated state at Tc%0.5 MeV. The #-ray-strength function displays a bump around E#%3 MeV, inter-
preted as the pygmy resonance.

DOI: 10.1103/PhysRevC.63.044309 PACS number!s": 21.10.Ma, 24.10.Pa, 25.55.Hp, 27.70.!q

I. INTRODUCTION

The energy distribution of primary # rays provides infor-
mation on both the level density and the #-ray-strength func-
tion. The present aim is to study the level density and
#-strength function of the nuclei 166,167Er and to compare
with other nuclei in this mass region. In addition, thermody-
namic and electromagnetic properties of the two nuclei will
be investigated.
Most of the experimental information on the level density

of rare earth nuclei originates from the neutron-resonance
spacing at the neutron-separation energy &1' and direct
counting of levels in the vicinity of the ground state &2'.
Experimental knowledge of the #-strength function is mainly
based on the study of photoabsorption cross sections &3' and
radiative neutron capture &4'.
A new method &5' derives the level density and #-strength

function simultaneously from a set of primary # spectra.
This technique has proved to give a valuable supplement to
the more traditional methods for level-density extraction, and
to our knowledge, it represents the least model-dependent
method to obtain the #-strength function over a wide energy
region below the neutron-separation energy.
The nuclear level density is closely related to the thermo-

dynamic properties of nuclei, and can therefore be utilized to
deduce, e.g., entropy, temperature, and heat capacity of nu-
clei. The thermodynamic observables may reveal phase tran-
sitions.
The #-strength function is a measure for the average elec-

tromagnetic properties of nuclei and has a fundamental im-
portance for the understanding of nuclear structure and reac-
tions involving # rays &6'. At %3 MeV of # energy, a bump
is observed in the #-strength function of rare earth nuclei
from (3He,$) experiments &7', and is probably of the same
origin as the pygmy resonance found in (n ,#) reactions &8'.
Section II describes the experimental methods. In Sec. III

the experimental level density and #-strength function of
166Er and 167Er are obtained. Section IV examines thermo-
dynamic properties within the microcanonical and canonical
ensembles, while electromagnetic properties of the two nu-

clei are discussed in Sec. V. Concluding remarks are given in
Sec. VI.

II. EXPERIMENTAL METHOD AND TECHNIQUES

The experiment was carried out at the Oslo Cyclotron
Laboratory. The reactions employed were the neutron pickup
(3He,$#) and the inelastic scattering (3He,3He!#) with a
beam energy of 45 MeV, populating 166Er and 167Er with
high excitation energy and low spin. The Q value of the
(3He,$) reaction is 14.142 MeV. The self-supporting 167Er
target was isotopically enriched to 95.6% and had a thick-
ness of 1.5 mg/cm2.
The charged particles and # rays were recorded with the

detector array CACTUS &9', which contains eight Si particle
telescopes and 27 NaI #-ray detectors. Each telescope is
placed at an angle of 45° relative to the beam axis, and
comprises one Si front and one Si!Li" back detector with
thickness 140 and 3000 (m, respectively. The NaI
#-detector array, having a resolution of %6% at # energy
E#"1 MeV and a total efficiency of %15%, surrounds the
target and particle detectors. In addition, two Ge detectors
were used to monitor the spin distribution and selectivity of
the reactions.
The excitation energy of the resulting 166Er and 167Er

nuclei are determined by means of reaction kinematics of the
ejectile. By setting proper gates in the particle spectra, each
coincident # ray can be assigned to a # cascade originating
from a specific excitation energy. The data are sorted into a
matrix of (E ,E#) energy pairs, E being the excitation energy.
Examples of the recorded # spectra, the so-called raw spec-
tra, from two excitation energies are shown in the left panel
of Figs. 1 and 2 for 166Er and 167Er, respectively. Note that
the statistics of 167Er is about twice as good as for 166Er,
since the (3He,3He!) reaction has a higher cross section than
the (3He,$) reaction.
In order to determine the true #-energy distribution, the #

spectra are corrected for the response of the NaI detectors
with the unfolding procedure of Ref. &10'. Unfolded # spec-
tra are shown in the central panel of Figs. 1 and 2 for the two
nuclei.
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states i with equal spin and parity Di to describe the ! decay
in the continuum. The corresponding definition of the !-ray-
strength function is given by f XL!" i(E!)/(E!

2L"1Di),
where X denotes the electric or magnetic character, and L
defines the multipolarity of the ! transition.
After the normalization of the level density, the parameter

# of Eq. $3% is already fixed, and the slope, i.e., the expo-
nential exp(#E!), is included in the !-energy-dependent
functions shown for 166Er and 167Er in Fig. 5. Still, the nor-
malization constant B of Eq. $3% remains to be determined.
The !-energy-dependent factor F(E!) is proportional to

the sum of E!
2L"1 f XL(E!) for all possibilities of X and L. We

assume that the ! decay in the continuum of nuclei with low
spin is mainly governed by electric and magnetic dipole ra-
diation and that the accessible levels have equal numbers of
positive and negative parity states. Thus, the observed F can
be expressed by a sum of the E1 and M1 !-strength func-
tions only:

BF$E!%!& f E1$E!%" f M1$E!%'E!
3 . $5%

The average total radiative width of neutron resonances ("!)
&6' with excitation energy equal to the neutron-separation
energy Sn , spin I, and parity * ,

("!)!
1

+$Sn ,I ,*% ,
XL

,
I f ,* f

!
0

Sn
dE! E!

2L"1 f XL$E!%

#+$Sn$E! ,I f ,* f %, $6%

can be written in terms of F by means of Eq. $5%. With the
experimental level density + already normalized, the normal-
ization constant B can be deduced. Assuming s-neutron cap-
ture, I ,* take the values I t% 1

2 ,* t , where I t ,* t are the spin

and parity of the target nucleus in the (n ,!) reaction. The
experimental value of the total radiative width is the average
over the possible spins of the compound state (I t% 1

2 ). Since
we expect the ! decay to be governed by dipole transitions,
the second sum is restricted to possible final states with spin
I f and parity * f accessible by dipole radiation.
The methodical difficulties in the primary !-ray extrac-

tion prevents determination of the functions F(E!) and +(E)
in the interval E!&1 MeV and E'Sn$1 MeV, respec-
tively. In addition, the data at the highest ! energies, above
E!-Sn$1 MeV, suffer from poor statistics. Therefore, ex-
trapolations of F and + were necessary in order to calculate
the integral of Eq. $6%. For the level density a Fermi-gas
extrapolation is used $see Fig. 3%, and for the
!-energy-dependent factor a pure exponential of the form
exp(bE!) is utilized $see Fig. 5%. The contribution of the ex-
trapolation to the total radiative width in Eq. $6% does not
exceed 15%; thus the errors due to a possibly poor extrapo-
lation are expected to be of minor importance &7'.
Values for the neutron-resonance radiative width are

given in &22', and for 167Er we find ("!)!92(8) meV. Since
the radiative width of 166Er is unknown, its value is taken as
the average of ("!) of the neighboring isotopes. This is jus-
tified by the general slow variance in the ("!) values of
neighboring isotopes for other elements. From interpolation,
we thus adopt the value ("!)!90(20) meV for 166Er. The
normalized !-strength functions of 166Er and 167Er are com-
pared to the strength functions of 162Dy, 172Yb, and 161Dy,
171Yb, respectively, in Fig. 6. All strength functions are in-
creasing smoothly with ! energy except for a bump around
E!-3 MeV. The !-strength functions of neighboring iso-
topes display a striking qualitative similarity. This can be
expected for nuclei with approximately the same charge dis-
tribution. The location of the bump can, however, be seen to
move towards higher ! energies with increasing mass num-
ber.

IV. THERMODYNAMIC PROPERTIES

For a statistical description of hot nuclei, the microca-
nonical thermodynamics is the proper theory. Within this
frame, the system is isolated, giving a well-defined energy.

FIG. 5. The !-energy-dependent factor of 166,167Er. The lines
are extrapolations needed to calculate the normalization integral of
Eq. $6%.

FIG. 6. The normalized !-ray-strength function of 166Er $left%
compared to 162Dy and 172Yb, and 167Er $right% compared to 161Dy
and 171Yb. The Dy isotopes are multiplied by 0.1 and the Yb iso-
topes by 10 for better visualization.
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Quantum phase transi2ons in atomic nuclei
alpha clustering

Fermi liquid α cluster phase

NN2024  Whistler, BC CA /  BC 

Exotic phases of nuclear matter
Quartetting and 𝛼-particle condensation



Isospin NN pairing modes
(a unique possibility for nuclei due to the coupling of two Fermi liquids)

I

J=9
J=9

J=9

J=9

Isoscalar paired phase in 92Pd?
B. Cederwall et al., Nature (London) 469, 68 (2011)
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T=1 T=1                   T=0
T=0

76             80                            90             96                             mass

A. L. Goodman , PRC 60, 014311 (1999) –
HFB studies of ground states of e-e A = 76-96, N = Z nuclei

”Isocranking”: The isoscalar (np) pair gap is predicted to increase sharply as N ® Z

W. Satula,R.Wyss, 
Phys. Rev. Lett. Vol. 86, 
4488 (2001)
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Theory predictions for neutron-proton pairing
in the heaviest N ~ Z nuclei
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Isoscalar Pairing 
Condensate

132

“Mixed-Spin Pairing Condensates in Heavy Nuclei“
A. Gezerlis, G. F. Bertsch, and Y. L. Luo

Phys. Rev. Lett. 106, 252502  (2011)

Mixed Pairing 
Condensate

Isovector Pairing 
Condensate

Proton dripline



Similarly to a magnetic field on a superconductor, the rotational 
motion of  a deformed nucleus counteracts the isovector-coupled 
(J=0) superfluid phase by breaking time-reversed nn or pp pairs.
(Coriolis anti-pairing effect)

w
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Isospin-generalized HFB theory

“T = 0 and T = 1 pairing in rotational states of the N = Z nucleus 80Zr” 
A. L. Goodman, PRC 63, 044325 (2001)

creases and !̄pn
(!) increases. This figure shows that for the

spin interval I"2–10, there are np pairs as well as pp̂ and
nn̂ pairs coexisting at each spin. At I"10, !̄pp̄

(#) suddenly
becomes very small, and it vanishes at I"16.
Each Cooper pair has an angular momentum J and isospin

T. The pair potential has spin and isospin components !JT ,
given by Eq. #2.69$. Figure 8 shows !JT for the T"1 pair
band. As expected, at spin I"0 the monopole (J"0) pairs
dominate, while the J"2 and J"4 pairs are much less im-
portant. However, as the spin I increases, the J"0 pairs
decrease, whereas the J"2 and J"4 pairs increase. How-
ever, at all spins I the monopole pairing is the largest. At I
"26, the T"1 pairs vanish, simultaneously for all J.
The pair potential !JT for the T"0 pair band is shown in

Fig. 9. The conventional wisdom for T"0 pairs is that the
most important value of J for a pair is J"1; although it is
sometimes stated that the dominant value is either J"1 or
J"Jmax"2 j , where j is the nucleon spin. Figure 9 shows
that neither of these typical assumptions is correct for 80Zr.
At spin I"0 there are no J"1 pairs and no J"3 pairs. As
the spin I increases, J"1 and J"3 pairs emerge, but their

strength remains relatively weak for spins I%10. It is only at
spins I&20 that the J"1 pairs become strong. For our
model space the 1g9/2 shell provides Jmax"9. There is a
large component of J"9 pairs for all I. The J"7 pairs exist
at all I, but are less important. The surprise which upsets the
conventional wisdom for T"0 pairs is that the greatest
strength at all spins I comes from the J"5 pairs.
Why are the J"5 pairs the most important T"0 pairs?

The reason is as follows. The orbitals which make the largest
contribution to the pair potential ! are the orbitals which are
closest to the Fermi energy. For the T"0 pair band at spin
I"0, these are the n and p 1 f 5/2 m"!5/2 orbitals, with
occupation probability v2"0.35, and the n and p 1g9/2 m
"!5/2 orbitals, with v2"0.65. This identifies the four Coo-
per pairs which are closest to the Fermi energy. #For spin I
"0, all other pairs have v2"0 or 1, and do not contribute to
! .$ Because the neutron and proton in each pair have the
same space-spin orbital, each of these four pairs has M"
!5. Therefore these pairs have J restricted to J"5,7,9,
whereas J"1 and J"3 are forbidden. All four of these f 5/2
pairs and g9/2 pairs can contribute to the J"5 pair mode, but
only the two g9/2 pairs can contribute to the J"7,9 pair
modes. The result is that the J"5 pair mode is dominant. Of
course this result occurs because of the position of the Fermi
energy in 80Zr, and the result could be completely different
in other N"Z nuclei.
Finally consider the T"0#T"1 pair band. Figure 10

shows !J ,T"1 and Fig. 11 shows !J ,T"0 for this band. Ob-
serve that for the spin interval I"2$10 there are both T
"0 pairs and T"1 pairs at each spin I coexisting in the
same wave function. For the T"1 pairs, the monopole (J
"0) pairs are largest. The J"0 pairs decrease with I,
whereas the J"2 and J"4 pairs increase with I. At I"11,
the T"1 pairs suddenly become very weak, simultaneously
for all J. There are no T"0 pairs at I"0. However, at I
"2 the T"0 pairs emerge, with increasing strength as I
increases. For I%10 the T"0 pairs remain large, while the
T"1 pairs are negligible. For the T"0 pairs, J"9 has the
greatest strength for I%10, whereas J"5 is largest for I
%10. It is interesting to compare !J ,T"0 for the T"0 pair
band #Fig. 9$ and !J ,T"0 for the T"0#T"1 pair band #Fig.

FIG. 8. Angular momentum components of the pair potential
!J ,T"1 for the T"1 pair band.

FIG. 9. Angular momentum components of the pair potential
!J ,T"0 for the T"0 pair band.

FIG. 10. Angular momentum components of the pair potential
!J ,T"1 for the T"0#T"1 pair band.
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procedure. On each iteration h and ! are calculated from the
density matrix " and the pairing tensor t, respectively; then "
and t are calculated from the eigenvectors (Uj ,V j) in Eq.
#2.30$. The iterations continue until h and ! do not vary on
successive iterations.% Because the model space contains
only one value of the radial quantum number n for each l j ,
there is no self-consistency in the radial coordinate. Number
parity is conserved on each iteration.

A. Rotational energies

As described in Sec. II A, the ground state has nn̄ pairs
and pp̄ pairs. These are T!1 pairs. It has the canonical
representation given in Eq. #2.66$. The HFB equation #2.30$
is used to rotate the T!1 pair state #2.66$. This generates a
rotational band with T!1 (nn̂ and pp̂) pairs. The calculated
energies of the I&!2" and 4" states are 0.274 and 0.826
MeV, respectively. #This calculation has no parameters
available to adjust the energies of rotational states.$ The cor-
responding experimental energies are 0.290 and 0.828 MeV
'23,24%. For each spin I, the HFB state has the spin-
dependent canonical form given in Eq. #2.65$.
Section II A also describes the HFB excited state at E

!0.645 MeV, which has np(T!0) pairs and n̄ p̄(T!0)
pairs. This state has the canonical representation given in Eq.
#2.52$. The HFB equation #2.30$ is used to rotate the T!0
pair state #2.52$. This generates a rotational band with T
!0 (np and n̂ p̂) pairs. For each spin I, the HFB state has the
spin-dependent canonical form given in Eq. #2.51$.
The energies of the T!1 pair band and the T!0 pair

band are shown in Fig. 1. The two bands cross at spin I
(5). Consequently the yrast line obtained from these two
crossing bands has a ‘‘phase transition’’ at I(5) . The yrast
states for I*4) have T!1 Cooper pairs, whereas the yrast
states for I+6) have T!0 Cooper pairs. If this HFB calcu-
lation had been performed with only neutron-neutron pairing
and proton-proton pairing, and the neutron-proton pairing
had been omitted, then the T!0 pair band would not have
been found, and the yrast line would coincide with the T
!1 pair band at all spins. No phase transition would have
been predicted. The energies of both bands have been calcu-

lated up to spin I!26) . At high spins, the T!1 pair band
has a higher energy than the T!0 pair band. As will be
shown below, the T!1 pair band has a large backbend be-
tween spins I!8 and I!14. The spin I!10,12 states have
not been found for this band. #This sometimes occurs for
HFB states in the middle of a backbend, as they may be
unstable.$
In the band crossing region is there a lower energy HFB

state which contains both T!1 pairs and T!0 pairs in the
same HFB wave function? #Such wave functions have been
found for the ground states of 84Mo and 88Ru '16,17%.$ The
HFB equation is used to obtain a band which contains both
T!1 (nn̂ ,pp̂) pairs and T!0 (np , n̂ p̂) pairs. This band is
shown in Fig. 1. This band forms an envelope to the T!1
pair band and the T!0 pair band. It joins smoothly to the
T!1 pair band at I!0 and to the T!0 pair band at high
spins. For spins near 5) , both T!1 pairs and T!0 pairs are
contained in the same HFB wave function for a given spin I.
At I!0 the HFB state for the envelope is exactly the same as
the HFB state in the T!1 pair band, and it contains only
T!1 pairs. At I!11 the HFB state of the envelope is almost
the same as the HFB state of the T!0 pair band, and it
contains primarily T!0 pairs. The envelope band provides
an yrast line which is much smoother than the yrast line
given by the two crossing bands. For the T!0"T!1 pair
band, the energy of the I&!4" state is below the experimen-
tal energy.
Figure 2 shows the pairing energy, Epair!Tr' 12 !t†% . The

T!1 pair band has a large #negative$ pairing energy at spin
I!0. However, as the spin increases, this band rapidly loses
its pairing energy, which vanishes at I!26. In contrast, the
T!0 pair band has a pairing energy which is approximately
constant for increasing spin. #The pairing energy actually
increases with I at low spins, i.e., becomes more negative.$
The T!0"T!1 pair band loses its pairing energy less rap-
idly than the T!1 pair band.
Why does Epair(I) behave so differently for the T!1 pair

band and the T!0 pair band? First consider the T!1 pair
band. At spin I!0 the two nucleons in each Cooper pair are
in time-reversed orbitals, where mz is a good quantum num-

FIG. 1. Energies of the rotational bands versus the spin I. FIG. 2. Pair correlation energy Epair for the T!0 pair band, the
T!1 pair band, and the T!0"T!1 pair band.
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T=1 pairing is suppressed by the Coriolis effect in high-spin states
The T=0 coupling is less affected by the Coriolis anti-pairing effect and will still be 
active and could become dominant as I increases



Neutron-proton pairing in N ≈ Z nuclei - experimental probes

• Masses - binding energies in e-e and o-o nuclei indicate that T=1 np pairing is dominant, no evidence 
for a T=0 (deuteron-like) pair condensate up to around A≈60. Need for accurate mass 
measurements in heavier N=Z systems

• np  (deuteron) pair transfer reactions
• GT Beta decay strengths
• Other radioactive decay modes: (alpha) proton???

• Spectral properties of spherical N=Z nuclei near closed shells –deviations from classical s.p. behavior
(e.g. 92Pd – isoscalar spin-aligned coupling scheme*)

• Rotational properties of deformed nuclei

ISOVECTOR

ISOSCALAR

We know the isoscalar effective NN interaction is strongly attractive but can it produce a 
correlated np pairing condensate?

?Probe ground-state or low-spin correlations

• B. Cederwall et al., Nature (London) 469, 68 (2011)
• S. Frauendorf and A. Macchiavelli, Prog. Part. Nucl. Phys. 78, 24 (2014) NN2024  Whistler, BC CA /  BC 



A. Johnson, H. Ryde, and J. Sztarkier, Phys. Lett. B34,  605 (1971)
A. Johnson, H. Ryde, S. A. Hjorth, Nuc. Phys. A179,  753 (1972)
F. S. Stephens and R. S. Simon. Nuc. Phys. A183,  257 (1972)
R. Wyss & M. A. Riley, Fifty Years of Backbending, Nuclear Physics News, 32:2, 16-20 (2022) NN2024  Whistler, BC CA /  BC 

Rota1onal alignments (”backbending”) in deformed nuclei:
a sensi1ve probe of pairing strength 

Note: The “Backbending” effect  (A. Johnson et al., 1971) is not a complete phase transition.
In the finite nuclear system the paired and unpaired phases are mixed after the first alignment 
(“Stockholm, S-band”) (F.S. Stephens and R.S. Simon, 1972).

Arne Johnson 1944-2023



Delayed (or absent) paired (T=1) bandcrossings in deformed N=Z nuclei?

N. Marginenan et al., Phys. Rev. C 65, 051303R (2002) 

____   PSM 

._ _ _  PSM with enhanced
np res. int

Situa&on prior to this work
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Experiment
GANIL, May of 2018, 10 days of beam time
Beam: 36Ar   (115 MeV, 5 ~ 10 pnA)
Target: 54Fe (99.58%, 6 mg/cm2)
Main contaminations: 16O from oxidation, 56Fe (0.40%)
Fusion-evaporation reactions of interest:
36Ar(54Fe, 2n)88Ru
36Ar(54Fe, 2n1p)87Tc

Nucleus with only T1/2 known

Nucleus with ⩾ 1 excited state known

N=Z

N=48

N=50
p-drip line 100Sn

Unknown proton emitter

Unknown 
𝟒𝟒
𝟖𝟖𝐑𝐮𝟒𝟒

𝟒𝟑
𝟖𝟕𝐓𝐜𝟒𝟒



Experimental Setup

AGATA

NEDA

NWall

Target 54Fe 
DIAMANT

Beam 36Ar

G. de France, NUMEX02 Workshop at Debrecen, 2016
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Courtesy of J Nyberg
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AGATA

From AGATA Home Page
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Basic ingredients of γ-ray tracking

Pulse Shape Analysis
to decompose

recorded waves 

Highly segmented 
HPGe detectors

· ··
·

Identified 
interaction 

points(x,y,z,E,t)i

Reconstruction of tracks 
e.g. by evaluation of

permutations 
of interaction points

Digital electronics
to record and 

process segment 
signals

g

1

2 3

4

reconstructed g raysAGATA  - status & outlook     Bo Cederwall   
VECC Kolkata,  2015-02-23
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0o

A1 B1

C1

D1E1

F1

Core

F3

F2

F1
F1

F2

F3

F4

F5

F6

Pulse shape analysis – spatial resolution of 2-5 mm 
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Pulse shape analysis

3D-position sensitivity from
2D-segmented HPGe detectors
- Achieving a “Ge TPC”

Contact segment size ~ cm2

àVoxel size ~ mm3

Tracking

 Correctly time order all
 interactions

i

t

i

t

Position sensitive large-volume HPGe detector
→   ”Ge TPC” → γ-ray tracking

NN2024  Whistler, BC CA /  BC 



Forward Tracking of Compton Scattering Events

Find c2 for the N! permutations
of the interaction points

0123     0132
0231     0213
0312     0321

Accept permutation with smallest c2 if 
this is below a predefined value

Wn contains physics of Compton
scattering vertex and empiric factors

PROBLEMS : Position resolution, Short range scattering, Compton profile
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Permutation number

How it works for
two 5-point events
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DIAMANT charged particle array
• 60 CsI(Tl) Detectors

• ~ 2𝝅 Coverage

• E, T, PID

• Slave Mode

• 𝜺p ~ 40%, 𝜺𝜶 ~ 25%

A. Goasduff, AGATA Analysis Workshop at CSNSM, 2019
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Veto gate: 
reject all proton

2 protons

alpha

pulse shape identififation of charged particles



NEDA & NWall

• Organic liquid scintillator cells

• 54 NEDA & 14 NWall

• ~ 1.6𝜋 Coverage

• Pulse Shape

• Trigger: 𝛾𝛾-n (neutron-like)
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Neutron-γ Discrimination

Gamma

Neutron

PSD: Charge Comparison Method

ToF = CFDtime - RFtime

NN2024  Whistler, BC CA /  BC 
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Neutron scatter rejection critical for identifying weak 
2n- and 3n-emission reaction channels

Detector 2

Target

Distance
𝚫ToF

Detector 1



Results: yrast band in 88Ru

new

Marginean et al., 
Phys. Rev. C, 63, 031303(R), 2001.

NN2024  Whistler, BC CA /  BC 

Taken from B. Cederwall et al, PRL 124 062501 (2020)



?

B. Cederwall et al, PRL 124 062501 (2020)

N=44 isotones
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Strutinsky-type PES calculations * with standard isovector pairing 
(total Routhian surface (TRS) approach)

Note: do not produce deformed ground-state shape 
(but pronounced superdeformed minimum appears already at zero rot. frequency!)
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* W. Nazarewicz, R. Wyss, A. Johnson, Nuclear Physics A 503(2), 285 (1989)
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FIG. 2: (Color online) I°w plots for yrast bands of 88,90,92Ru. The
experimental data and calculations are shown in (a) and (b), respec-
tively. For 88Ru, calculations with PMMU and JUN45 in the f pg
model space are also presented for comparison.

FIG. 3: (Color online) Calculated I°w plots for yrast bands, (a) for
88,90,92Ru without T = 0 interaction, and (b) for 88Ru without T = 0
multipole interaction VM or without T = 0 monopole interaction Vm.

the T = 1 and T = 0 components in the Hamiltonian (1) by
using Eq. (2). The pairing part HP contains only the T = 1
term, and the multipole and monopole parts consist of both
the T = 0 and T = 1 terms. Now the T = 0 np pairing can be
easily switched on and off from the calculation.

Interestingly, calculations without the T = 0 np pairing in-
teraction show nearly identical patterns for all 88,90,92Ru, as

FIG. 4: (Color online) Calculated numbers of pairs in different spin
and isospin states. (a) T = 0,J = 9 and T = 1,J = 0 pairs of the g9/2
orbit and T = 0,J = 5 pairs of the d5/2 orbit in 88Ru; (b) T = 0,T = 9
pairs of the g9/2 orbit in 88,90,92Ru.

seen in Fig. 3 (a). This undoubtedly suggests that the rather
different behavior for the three isotopes, as shown in Fig. 2
(b), is caused by the T = 0 np pairing interaction. Without
T = 0, the smooth pattern in 88Ru disappears completely and
its rotational behavior is as violent as 90,92Ru. This is because
that without the T = 0 mode, two nucleon-spins coupled to the
T = 1,J = 0 pair can be destroyed easily by the rotation (the
Coriolis anti-paring effect). This anti-pairing process, analo-
gous to disintegration of superconducting states due to exter-
nal magnetic fields [29], is prevented as soon as the T = 0 np
pairing interaction sets in. Indeed, as shown in Fig. 2 (b),
a pronounced effect due to the T = 0 np interaction is seen
only for N = Z nuclei and shapes in these nuclei are thereby
stabilized.

In Fig. 3 (b), two additional calculations for 88Ru are car-
ried out by separately removing the isoscalar monopole part
V MU

m (ab,T = 0) and the multipole part VM(ab,T = 0) in the
T = 0 np interaction. One can see that the calculation without
VM(ab,T = 0) indicates large deviations from the full calcu-
lation. The dominant contribution of the multipole T = 0 part
around spin I = 14h̄ thus comes from the QQ np interaction
term. This means that the T = 0 QQ interaction is particularly
important for the smooth behavior of 88Ru seen in Fig. 2 (b)
or 3 (b). This result is consistent with the previous conclu-
sion that the quadrupole correlation is enhanced for the N = Z
systems by the np interaction [20–22].

A spin-aligned T = 0 np coupling scheme was proposed to
describe the equidistant yrast states in the N = Z nucleus 92Pd
[13, 14], and the more recent shell-model analysis suggested
that the spin-aligned mode coexists with the isovector pairing
modes [30]. It is therefore interesting to discuss pairing cor-
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tively. For 88Ru, calculations with PMMU and JUN45 in the f pg
model space are also presented for comparison.
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the T = 1 and T = 0 components in the Hamiltonian (1) by
using Eq. (2). The pairing part HP contains only the T = 1
term, and the multipole and monopole parts consist of both
the T = 0 and T = 1 terms. Now the T = 0 np pairing can be
easily switched on and off from the calculation.

Interestingly, calculations without the T = 0 np pairing in-
teraction show nearly identical patterns for all 88,90,92Ru, as

FIG. 4: (Color online) Calculated numbers of pairs in different spin
and isospin states. (a) T = 0,J = 9 and T = 1,J = 0 pairs of the g9/2
orbit and T = 0,J = 5 pairs of the d5/2 orbit in 88Ru; (b) T = 0,T = 9
pairs of the g9/2 orbit in 88,90,92Ru.

seen in Fig. 3 (a). This undoubtedly suggests that the rather
different behavior for the three isotopes, as shown in Fig. 2
(b), is caused by the T = 0 np pairing interaction. Without
T = 0, the smooth pattern in 88Ru disappears completely and
its rotational behavior is as violent as 90,92Ru. This is because
that without the T = 0 mode, two nucleon-spins coupled to the
T = 1,J = 0 pair can be destroyed easily by the rotation (the
Coriolis anti-paring effect). This anti-pairing process, analo-
gous to disintegration of superconducting states due to exter-
nal magnetic fields [29], is prevented as soon as the T = 0 np
pairing interaction sets in. Indeed, as shown in Fig. 2 (b),
a pronounced effect due to the T = 0 np interaction is seen
only for N = Z nuclei and shapes in these nuclei are thereby
stabilized.

In Fig. 3 (b), two additional calculations for 88Ru are car-
ried out by separately removing the isoscalar monopole part
V MU

m (ab,T = 0) and the multipole part VM(ab,T = 0) in the
T = 0 np interaction. One can see that the calculation without
VM(ab,T = 0) indicates large deviations from the full calcu-
lation. The dominant contribution of the multipole T = 0 part
around spin I = 14h̄ thus comes from the QQ np interaction
term. This means that the T = 0 QQ interaction is particularly
important for the smooth behavior of 88Ru seen in Fig. 2 (b)
or 3 (b). This result is consistent with the previous conclu-
sion that the quadrupole correlation is enhanced for the N = Z
systems by the np interaction [20–22].

A spin-aligned T = 0 np coupling scheme was proposed to
describe the equidistant yrast states in the N = Z nucleus 92Pd
[13, 14], and the more recent shell-model analysis suggested
that the spin-aligned mode coexists with the isovector pairing
modes [30]. It is therefore interesting to discuss pairing cor-

LSSM predictions for 88Ru with interaction including an explicit pairing 
term (PMMU)

K. Kaneko, T. Mizusaki, Y. Sun, and S. Tazaki, Phys. Rev. C89, 011302(R) (2014)
Kaneko, Sun and de Angelis, Nuclear Physics A957, 144-153 (2017)

PMMU: H = Ho + HP + HM + Hm :
Ho =  s.p,  HP =  pairing
HM = multipole, contains QQ + OO components
Hm = monopole term

Note: Without the T = 0 np pairing, the smooth pattern in 88Ru disappears and it lacks 
rotational behaviour as for  90,92Ru. QQ np T=0 is most important in 88Ru.

NN2024  Whistler, BC CA /  BC 



Calculated  B(E2;I→I-2) values as a function of angular momentum 
in 88-94Ru. The calculations have been performed in the fpg space 
with the JUN45 interaction using standard effective charges. The 
theoretical calculations for the spectra of 88,90,92Ru include, in 
addition to full neutron-proton interactions (solid symbols), also 
results for pure T=1 neutron-proton (open symbols) interactions.
C. Qi et al.

LSSM calculations: T=0 correlations drive collectivity

NN2024  Whistler, BC 
CA /  BC 
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B(E2) measurements are critical 
New results from GRETINA@FRIB (M. Bentley et al) , stay tuned!
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Extension of the ground state (𝜋g9/2) band and new 
oblate band in the TZ=1/2 nucleus 87Tc
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N=43

Even-Even N=44 Odd-Mass N=44

B. Cederwall et al, PRL 124 062501 (2020)

X. Liu et al, PRC 104 L021302 (2021)

Pairing isospin modes in deformed N~Z nuclei at intermediate angular momentum
– odd-even  vs even-even

N=44, ee N=44, odd

N=43, odd

NN2024  Whistler, BC CA /  BC 



Odd-Mass N=43

Even-Even N=44 Odd-Mass N=44

X. Liu et al, PRC 104 L021302 (2021)
F. J. D. Serduke, R. D. Lawson, and D. H. Gloeckner, Nucl. Phys. A 256, 45 (1976)

Shell model calculation for 87Tc (TZ=1/2) – effect  of spin-aligned np pairs (Vnp) 

Odd-mass N~Z (TZ=1/2) nuclei:
• Odd valence particle contributes constructively to isoscalr np pairing correlations ”spin-dependent effective 3-N” interaction
        as opposed to ”blocking” effect in pure isovector case? 
• Increase of structural difference between  1qp and 3qp configuration reduces interaction strength in the band crossing? 

Vnp - 200 keV

NN2024  Whistler, BC CA /  BC 



Influence of pairing isospin modes in deformed N~Z 
– odd-A vs even-even cases   (naïve picture)
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𝟓𝟎

Experiment



Summary

• Intermediate-angular momentum states in the heaviest deformed N~Z nuclei 88Ru and 87Tc 
have been observed with AGATA + ancillary detectors (NEDA/NWALL, DIAMANT)

• In 88Ru, the rotational frequency  for the configuration change between the ground-state and 
qp-aligned structures indicates a ”delay” wrt standard calculations and expt data in 
neighboring Tz=1 isotones, in agreement with theoretical predictions for enhanced isoscalar 
np correlations.

• For, the TZ=1/2 isotone, 87Tc, we observe an earlier band crossing frequency compared with 
the neighboring N=44 and N=43 odd-mass nuclei for the yrast band built on the 𝜋g9/2 
ground state

• ∴ IV band crossing frequencies show opposite behavior as TZ ➛ 0 for ee and oe systems
       - a new signature for enhanced IS pair correlations in these N~Z systems?

Thanks to AGATA collaboration, GANIL, NEDA, DIAMANT teams!

NN2024  Whistler, BC CA /  BC 
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Swedish Annual Nuclear Physics Meeting 2022 / Bo Cederwall



NEDA 
energy vs TOF

𝒗 ~ 𝑬

𝒗 ~ 𝟏𝟎/𝐓𝐨𝐅
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Note:
Atomic nuclei are finite systems!
Control parameter is discrete (particle number, excitation energy etc)
Two different coexisting fgermionic systems (neutrons and protons)
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“Control parameter” (B,T,p, …)

1st order phase transition

2nd order phase transiJon

Ginzburg-Landau theory
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Precison mass data is crucially lacking for N=Z!
Precision of known masses in the 100Sn region.

T. Faestermann, M. Górska, and H. Grawe, Prog. Part. Nucl.Phys. 69, 85 (2013)



Evidence for isovector np pairing from nuclear charge radius

“Proton-Neutron Pairing Correlations in the Self-Conjugate Nucleus 
38K Probed via a Direct Measurement of the Isomer Shift”
M.L. Bissell et al., PRL 113, 052502 (2014)



GT (beta decay) strengths

“Hindered Gamow-Teller Decay to the Odd-Odd N = Z 62Ga: 
Absence of Proton-Neutron T=0 Condensate in A = 62”, 
E. Grodner et al., PRL 113, 092501 (2014)

“Search for a new kind of superfluidity built on collective proton-neutron pairs with aligned spin is 
performed studying the Gamow-Teller decay of the T =1, Jπ = 0+ ground state of 62Ge into excited 
states of  the  odd-odd  N = Z  nucleus  62 Ga. Individual Gamow-Teller transition strengths agree 
well with theoretical predictions of the interacting shell model and the quasiparticle random phase 
approximation. The absence of any sizable low-lying Gamow-Teller strength in the reported beta-
decay experiment supports the hypothesis of a negligible role of coherent T = 0 proton-neutron 
correlations in 62Ga. “

obtained with the different effective interactions are in good
relative agreement. However, the KB3G interaction is the
one that reproduces the experimental data best. The left
panels of Fig. 4 show the experimental and calculated—
with the KB3G interaction—single level BðGTÞ and
accumulated BðGTÞ values. In this calculation a moderate
strength is obtained below 1.5 MeV excitation energy,
which compares well with the experimental findings.
Between 1.5 and 2.5 MeV excitation energy, two states
concentrate most of the strength, in good agreement with
the data. However, the calculated excitation energies are
about 0.5 MeV lower that the experimental ones. These
calculations have already been presented in Ref. [8]. The
total BðGTÞ below 2.5 MeV reproduces well the data as
well as the results from the accumulated BðGTÞ.
Beyond mean field calculations have been performed in

the framework of the deformed QRPA approach. In these
calculations the quasiparticle basis is obtained self-
consistently from an axially deformed Hartree-Fock mean
field generated by a density-dependent Skyrme force with
pairing correlations between like nucleons in the BCS

framework. It is worth noticing that no explicit proton-
neutron pairing is included in this formalism. In this scheme
the equilibrium deformation of the ground state is obtained
self-consistently as the nuclear shape that minimizes the
energy. Calculations of the GT strength distributions are
performed afterwards for this deformed shape. The SLy4
force has been chosen as a representative of modern Skyrme
parametrizations [35], but results obtained with other
Skyrme forces are very similar. To describe the GT
transitions, a residual spin-isospin force is introduced
consistently with the Skyrme force. Details of the formalism
can be found in Refs. [36,37]. The theoretical results shown
in the right panels of Fig. 4 have been scaled by the same
standard quenching factor mentioned before. Also in this
case the calculation agrees well with experiment. The
strength is mainly concentrated in three energy regions
located at excitation energies of the daughter nucleus around
0.7, 1.2, and 2.4 MeV. The total strength found in the
measured energy range is well reproduced by the calcu-
lation. It should also be mentioned that the results obtained
for the oblate solution are not in agreement with the data,
since in that case the GT strength is concentrated at an
excitation energy around 1.2 MeV. In contrast to the QRPA
approach the shell-model calculations include all correla-
tions (within the truncated approximation) and in particular
the proton-neutron pairing ones; however, these correlations
do not imply any proton-neutron pairing condensate.
Juillet and collaborators [38] have calculated the energy

spectrum of 62Ga in the framework of the IBM-4. The
calculation foresee the two Iπ ¼ 1þ states, belonging to
the same SU(4) supermultiplet, within 1 MeV excitation
energy. In pure SU(4) symmetry only one state will be
populated in the GT decay and in the case of a partial
conservation of the SU(4) symmetry [pseudo-SU(4)], the
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FIG. 3. 62Ga level scheme observed in the 62Ge β decay built
under the assumption that the populated (1þ) states will deexcite
preferentially to the ground state. The excitation energies of the
levels are in keV. The log ft values are indicated in the right side
of the levels in bold characters.

TABLE I. Experimental results for the γ-ray transitions
observed in the 62Ge → 62Ga Gamow-Teller decays. The energy
of the γ-ray transitions corresponds to the energy of the levels in
62Ga. The BðGTÞ values correspond to upper limits (see text for
details).

Eγ (keV) Iπ Intensity (%) Log ft BðGTÞ
571.3(2) 1þ 3.9þ0.8

−0.6 4.75% 0.15 0.070þ0.017
−0.017

978.0(4) ð1þÞ 2.1þ0.7
−0.6 4.91% 0.15 0.050þ0.015

−0.017

1017.1(4) ð1þÞ 2.2þ0.8
−0.6 4.88% 0.15 0.054þ0.013

−0.019

1247.2(5) ð1þÞ 2.1þ0.9
−0.7 4.84% 0.13 0.059þ0.016

−0.022

2162.4(6) ð1þÞ 3.5þ0.9
−1.0 4.36% 0.17 0.17þ0.05

−0.05

2413.9(6) ð1þÞ 1.8þ0.8
−0.7 4.54% 0.17 0.12þ0.03

−0.05

FIG. 4 (color online). Experimental (black) and calculated (red)
single level BðGTÞ and accumulated BðGTÞ values for the 62Ge to
62Ga β decay. Left panels use the ISM approach using the KB3G
interaction and right panels use the QRPA approach using the SLy4
interaction.Experimental uncertainty corridors are indicated in gray.
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TABLE I. Experimental results for the γ-ray transitions
observed in the 62Ge → 62Ga Gamow-Teller decays. The energy
of the γ-ray transitions corresponds to the energy of the levels in
62Ga. The BðGTÞ values correspond to upper limits (see text for
details).

Eγ (keV) Iπ Intensity (%) Log ft BðGTÞ
571.3(2) 1þ 3.9þ0.8

−0.6 4.75% 0.15 0.070þ0.017
−0.017

978.0(4) ð1þÞ 2.1þ0.7
−0.6 4.91% 0.15 0.050þ0.015

−0.017

1017.1(4) ð1þÞ 2.2þ0.8
−0.6 4.88% 0.15 0.054þ0.013

−0.019

1247.2(5) ð1þÞ 2.1þ0.9
−0.7 4.84% 0.13 0.059þ0.016

−0.022

2162.4(6) ð1þÞ 3.5þ0.9
−1.0 4.36% 0.17 0.17þ0.05

−0.05

2413.9(6) ð1þÞ 1.8þ0.8
−0.7 4.54% 0.17 0.12þ0.03

−0.05

FIG. 4 (color online). Experimental (black) and calculated (red)
single level BðGTÞ and accumulated BðGTÞ values for the 62Ge to
62Ga β decay. Left panels use the ISM approach using the KB3G
interaction and right panels use the QRPA approach using the SLy4
interaction.Experimental uncertainty corridors are indicated in gray.
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ISSUES:
1) Need for (reaction) theory to develop clear predictions
2) Will be many  years before intense beams of 80Zr, 84Mo, 88Ru, 92Pd etc are 

available for such studies
3) Only probes ground-state or low-spin correlations

± np (l=0)
T=0, I=0

even-even g.s.
T=1, J=0

odd-odd g.s.

N=Z deuteron transfer

T=0, J=1
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Experimental systematics   I vs ω
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BC /  AGATA-LNL prePAC Nov  2021 

Upper: Shell model spectra of 92Pd
calculated within the 1p3/20f5/21p1/20g9/2 space [10] (fpg) and the 1p1/20g9/2 space (pg). 
Lower: B(E2; I → I − 2) values in 92Pd calculated within the fpg and pg spaces. The two dashed 
lines show the predictions of the geometric collective model normalized to the 2+1 state
C.Qi, J.Blomqvist, T.Bäck, B. Cederwall, A. Johnson, R. J. Liotta, and R. Wyss,
PRC 84, 021301(R) (2011)

“Std” LSSM: B(E2)s “smoking gun” for  spin-aligned T=0 paired phase
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Predictions for 88Ru
”Standard” SM calculations* for 88Ru predict similar ”alignment” of angular 
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SM calculations for 87Tc



N = 
Z

94mAg (21+)
               C. Plettner et al.
       Nucl. Phys. A733, 20 (2004)

96mCd (16+)
B S Nara Singh et 
al., PRL 107, 
172501 (2011)

P.J. Davies et al
IoP talk + to be
Published (2016)
 
                

92Pd:  
B Cederwall et al., 
Nature 469, 68 (2011)

As yet there is no data that definitively supports the presence of T=0 np BCS type pairing 
condensate, but clear evidence for influence of T=0 np interaction in spherical nuclei.

88Ru: 1st deformed e-e nucleus below 100Sn: 
N. Marginenan et al, PRC 63, 031303 (2001) – states to 8+20200210 / BC


