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  Coexistence	
  
•  States	
  of	
  different	
  deformaaon	
  observed	
  within	
  a	
  very	
  small	
  energy	
  

range	
  (typically	
  a	
  few	
  hundred	
  keV).	
  

•  In	
  the	
  A	
  ≈	
  70	
  region,	
  the	
  neutron-­‐deficient	
  krypton	
  isotopes	
  are	
  a	
  
good	
  example.	
  	
  
•  Intrinsic	
  shapes	
  of	
  several	
  low-­‐lying	
  states	
  have	
  been	
  determined	
  in	
  Coulomb	
  excitaaon	
  measurements	
  

on	
  74Kr,	
  76Kr	
  providing	
  firm	
  evidence	
  for	
  a	
  prolate	
  ground	
  state	
  band	
  coexisang	
  with	
  an	
  excited	
  oblate	
  
band	
  built	
  on	
  0+2	
  level	
  [1].	
  	
  

•  Inversion	
  of	
  the	
  shapes	
  in	
  72Kr	
  [2].	
  
•  Situaaon	
  well-­‐described	
  by	
  Hartree-­‐Fock-­‐Bogoliubov	
  (HFB)	
  calculaaons	
  using	
  the	
  Gogny	
  D1S	
  interacaon	
  

and	
  the	
  configuraaon-­‐mixing	
  method	
  (GCM/GOA)	
  [1].	
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mesh point on the (β,γ ) plane, so that it is suited to parallel
computation.

Finally, we summarize the most important differences be-
tween the present approach and the Baranger-Kumar approach
[43]. First, as repeatedly emphasized, we introduce the LQRPA
collective massess in place of the cranking masses. Second, we
take into account the quadrupole-pairing force (in addition to
the monopole-pairing force), which brings about the time-odd
effects on the collective masses. Third, we exactly solve the
CHB self-consistent problem, Eq. (21), at every point on the
(β, γ ) plane using the gradient method, while in the Baranger-
Kumar works the CHB Hamiltonian is replaced with a Nilsson-
like single-particle model Hamiltonian. Fourth, we do not
introduce the so-called core contributions to the collective
masses, although we use the effective charges to renormalize
the core polarization effects (outside of the model space
consisting of two major shells) into the quadrupole operators,
We shall see that we can well reproduce the major character-
istics of the experimental data without introducing such core
contributions to the collective masses. Fifth, most importantly,
the theoretical framework developed in this article is quite
general, that is, it can be used in conjunction with modern
density functionals going far beyond the P + Q force model.

B. Collective potentials and pairing gaps

We show in Fig. 1 the collective potentials V (β,γ )
calculated for 68,70,72Se. It is seen that two local minima always
appear both at the oblate (γ = 60◦) and prolate (γ = 0◦)
shapes and, in all these nuclei, the oblate minimum is lower
than the prolate minimum. The energy difference between
them is, however, only several hundred keV and the potential
barrier is low in the direction of the triaxial shape (with respect
to γ ) indicating the γ -soft character of these nuclei. In Fig. 1
we also show the collective paths (connecting the oblate and
prolate minima) determined by using the 1D version of the
ASCC method [47]. It is seen that they always run through the
triaxial valley and never go through the spherical shape.

In Fig. 2, the monopole-pairing and quadrupole-pairing
gaps calculated for 68Se are displayed. They show a sig-
nificant (β,γ ) dependence. Broadly speaking, the monopole
pairing decreases while the quadrupole pairing increases as β
increases.

C. Properties of the LQRPA modes

In Fig. 3 the frequencies squared ω2
i (β,γ ) of various

LQRPA modes calculated for 68Se are plotted as functions
of β and γ . In the region of the (β,γ ) plane where the
collective potential energy is less than about 5 MeV, we can
easily identify two collective modes among many LQRPA
modes, whose ω2

i (β,γ ) are much lower than those of other
modes. Therefore we adopt the two lowest-frequency modes
to derive the collective Hamiltonian. This result of the
numerical calculation supports our assumption that there exists
a 2D hypersurface associated with large-amplitude quadrupole
shape vibrations, which is approximately decoupled from other
degrees of freedom. The situation changes when the collective
potential energy exceeds about 5 MeV and/or the monopole-
pairing gap becomes small. A typical example is presented in

FIG. 1. (Color online) Collective potential V (β,γ ) for 68,70,72Se.
The regions higher than 3 MeV (measured from the oblate HB
minima) are drawn by the rose-brown color. 1D collective paths
connecting the oblate and prolate local minima are determined by
using the ASCC method and depicted with bold red lines.

the bottom panel of Fig. 3. It becomes hard to identify two
collective modes that are well separated from other modes
when β > 0.4, where the collective potential energy is high
(see Fig. 1) and the monopole-pairing gap becomes small
(see Fig. 2). In this example, the second-lowest LQRPA
mode in the 0.4 < β < 0.5 region has pairing-vibrational
character, but becomes noncollective for β > 0.5. In fact,
many noncollective two-quasiparticle modes appear in its
neighborhood. This region in the (β,γ ) plane is not important,
however, because only tails of the collective wave function
enter into this region.
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•  Potenaal	
  energy	
  map	
  for	
  72Se,	
  
calculated	
  with	
  ASCC	
  calculaaons	
  [3].	
  

•  Ground	
  state	
  predicted	
  to	
  have	
  a	
  
maximum	
  at	
  oblate	
  deformaaon	
  but	
  
extends	
  to	
  prolate	
  region.	
  

•  Similar	
  predicaons	
  for	
  GCM(GOA)	
  
calculaaons	
  [4].	
  	
  

•  Theoreacal	
  quadrupole	
  moments	
  
(QM)	
  for	
  states	
  in	
  the	
  ground-­‐state	
  
and	
  excited	
  bands	
  in	
  72Se.	
  

•  Both	
  ASCC	
  and	
  GCM(GOA)	
  approaches	
  
predict	
  increasing	
  prolate	
  deformaaon	
  
moving	
  up	
  the	
  GSB.	
  	
  

•  Calculaaons	
  in	
  disagreement	
  for	
  band	
  
built	
  on	
  0+2	
  level.	
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mesh point on the (β,γ ) plane, so that it is suited to parallel
computation.

Finally, we summarize the most important differences be-
tween the present approach and the Baranger-Kumar approach
[43]. First, as repeatedly emphasized, we introduce the LQRPA
collective massess in place of the cranking masses. Second, we
take into account the quadrupole-pairing force (in addition to
the monopole-pairing force), which brings about the time-odd
effects on the collective masses. Third, we exactly solve the
CHB self-consistent problem, Eq. (21), at every point on the
(β, γ ) plane using the gradient method, while in the Baranger-
Kumar works the CHB Hamiltonian is replaced with a Nilsson-
like single-particle model Hamiltonian. Fourth, we do not
introduce the so-called core contributions to the collective
masses, although we use the effective charges to renormalize
the core polarization effects (outside of the model space
consisting of two major shells) into the quadrupole operators,
We shall see that we can well reproduce the major character-
istics of the experimental data without introducing such core
contributions to the collective masses. Fifth, most importantly,
the theoretical framework developed in this article is quite
general, that is, it can be used in conjunction with modern
density functionals going far beyond the P + Q force model.

B. Collective potentials and pairing gaps

We show in Fig. 1 the collective potentials V (β,γ )
calculated for 68,70,72Se. It is seen that two local minima always
appear both at the oblate (γ = 60◦) and prolate (γ = 0◦)
shapes and, in all these nuclei, the oblate minimum is lower
than the prolate minimum. The energy difference between
them is, however, only several hundred keV and the potential
barrier is low in the direction of the triaxial shape (with respect
to γ ) indicating the γ -soft character of these nuclei. In Fig. 1
we also show the collective paths (connecting the oblate and
prolate minima) determined by using the 1D version of the
ASCC method [47]. It is seen that they always run through the
triaxial valley and never go through the spherical shape.

In Fig. 2, the monopole-pairing and quadrupole-pairing
gaps calculated for 68Se are displayed. They show a sig-
nificant (β,γ ) dependence. Broadly speaking, the monopole
pairing decreases while the quadrupole pairing increases as β
increases.

C. Properties of the LQRPA modes

In Fig. 3 the frequencies squared ω2
i (β,γ ) of various

LQRPA modes calculated for 68Se are plotted as functions
of β and γ . In the region of the (β,γ ) plane where the
collective potential energy is less than about 5 MeV, we can
easily identify two collective modes among many LQRPA
modes, whose ω2

i (β,γ ) are much lower than those of other
modes. Therefore we adopt the two lowest-frequency modes
to derive the collective Hamiltonian. This result of the
numerical calculation supports our assumption that there exists
a 2D hypersurface associated with large-amplitude quadrupole
shape vibrations, which is approximately decoupled from other
degrees of freedom. The situation changes when the collective
potential energy exceeds about 5 MeV and/or the monopole-
pairing gap becomes small. A typical example is presented in

FIG. 1. (Color online) Collective potential V (β,γ ) for 68,70,72Se.
The regions higher than 3 MeV (measured from the oblate HB
minima) are drawn by the rose-brown color. 1D collective paths
connecting the oblate and prolate local minima are determined by
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the bottom panel of Fig. 3. It becomes hard to identify two
collective modes that are well separated from other modes
when β > 0.4, where the collective potential energy is high
(see Fig. 1) and the monopole-pairing gap becomes small
(see Fig. 2). In this example, the second-lowest LQRPA
mode in the 0.4 < β < 0.5 region has pairing-vibrational
character, but becomes noncollective for β > 0.5. In fact,
many noncollective two-quasiparticle modes appear in its
neighborhood. This region in the (β,γ ) plane is not important,
however, because only tails of the collective wave function
enter into this region.
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Both	
  theoreacal	
  approaches	
  well	
  
describe	
  the	
  ground-­‐state	
  band.	
  

For	
  excited	
  band	
  approaches	
  are	
  in	
  
disagreement.	
  
•  ASCC	
  calculaaons	
  predict	
  a	
  weakly	
  

deformed,	
  oblate	
  excited	
  band.	
  	
  
•  GCM(GOA)	
  calculaaons	
  predict	
  mixed	
  

0+2	
  and	
  2+2	
  levels	
  with	
  purer	
  
configuraaons	
  at	
  larger	
  excitaaon	
  
energy.	
  	
  

Both	
  approaches	
  underesamate	
  the	
  
inter-­‐band	
  transiaons	
  and,	
  therefore,	
  the	
  
mixing	
  between	
  these	
  two	
  structures.	
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Goals	
  of	
  the	
  measurement	
  

•  Perform	
  a	
  low-­‐energy	
  Coulomb	
  excitaaon	
  measurement	
  which	
  will	
  
enable	
  
•  Determinaaon	
  of	
  a	
  number	
  of	
  transiaonal	
  matrix	
  elements.	
  
•  Quadrupole	
  moments	
  of	
  2+1,	
  2+2	
  and	
  4+1	
  states	
  to	
  be	
  determined.	
  	
  
•  Shapes	
  of	
  the	
  ground	
  state	
  and	
  0+2	
  state	
  to	
  be	
  determined	
  via	
  the	
  Quadruple	
  

Sum	
  Rules	
  method.	
  	
  
•  Verify	
  the	
  lifeames	
  of	
  the	
  0+2	
  and	
  2+2	
  states	
  through	
  their	
  B(E2)	
  values.	
  
	
  

	
  
	
  

•  Ualise	
  standard	
  Coulex	
  setup.	
  MINIBALL	
  in	
  conjuncaon	
  with	
  CD	
  
silicon	
  detector.	
  
	
  

	
  
	
  

DSSSD	
  

MINIBALL	
  

γ-­‐ray	
  
spectroscopy	
  

Par@cles	
  
• 	
  angles	
  
• 	
  energies	
  

Pure	
  72Se	
  beam	
  
from	
  HIE-­‐ISOLDE	
  @	
  

4.2	
  MeV/u	
  	
  

2	
  mg/cm2	
  
208Pb	
  target	
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Beam	
  Delivery	
  

•  Numerous	
  A	
  =	
  72	
  isobaric	
  contaminants	
  expected.	
  As,	
  Ge,	
  Ga	
  ….	
  	
  
•  Instead	
  make	
  use	
  of	
  selenium	
  carbonyl	
  molecules,	
  72Se12C16O	
  

	
   	
  	
  =>	
  100	
  a.m.u	
  	
  
•  Break	
  apart	
  72SeCO	
  inside	
  EBIS	
  and	
  charge	
  breed	
  (up	
  to	
  q	
  =	
  19+)	
  to	
  

remove	
  A	
  =	
  100	
  isobars	
  (e.g.	
  100Mo).	
  	
  
•  This	
  approach	
  was	
  successfully	
  used	
  with	
  the	
  more	
  neutron-­‐

deficient	
  isotope	
  70Se	
  [6]	
  
•  72Se	
  accelerated	
  to	
  305	
  MeV	
  (4.2	
  MeV/u),	
  such	
  energies	
  only	
  

possible	
  due	
  to	
  HIE-­‐ISOLDE	
  upgrade.	
  	
  

•  Alternaave	
  is	
  producaon	
  with	
  RILIS	
  aver	
  irradiaaon	
  of	
  cold	
  ZrO2	
  

[6]	
  A.M.	
  Hurst	
  et	
  al.,	
  PRL	
  98,	
  072501	
  (2007)	
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Expected	
  Yields	
  
•  Expected	
  yields	
  calculated	
  with	
  the	
  computer	
  code	
  GOSIA	
  following	
  the	
  

Coulomb	
  excitaaon	
  of	
  a	
  305	
  MeV	
  72Se	
  beam	
  (of	
  average	
  intensity	
  2	
  x	
  105	
  
pps)	
  incident	
  on	
  a	
  2	
  mg/cm2	
  208Pb	
  target.	
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Sensi@vity	
  to	
  Quadrupole	
  Moments	
  
(QM)	
  

projectile LAB scattering angle
20 40 60 80 100 120 140 160

)+
->

2
+

)/I
(4

+
->

4
+

I(6

0

0.1

0.2

0.3

0.4

prolate
oblate

recoil detectedprojectile detected

•  Figure	
  shows	
  the	
  raao	
  of	
  the	
  calculated	
  intensity	
  of	
  the	
  6+→	
  4+	
  transiaon	
  
to	
  the	
  4+	
  →	
  2+	
  transiaon	
  as	
  a	
  funcaon	
  of	
  projecale	
  scaMering	
  angle	
  for	
  two	
  
choices	
  of	
  QM,	
  which	
  correspond	
  to	
  prolate	
  and	
  oblate	
  deformaaons	
  of	
  
the	
  4+1	
  level,	
  respecavely.	
  

•  Demonstraang	
  the	
  sensiavity	
  of	
  the	
  method	
  for	
  determining	
  QMs	
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Summary	
  of	
  beam	
  @me	
  request	
  

•  To	
  study	
  the	
  evoluaon	
  of	
  nuclear	
  structure	
  in	
  neutron-­‐deficient	
  
72Se	
  by	
  performing	
  a	
  low-­‐energy	
  Coulomb	
  excitaaon	
  measurement.	
  	
  

•  We	
  will	
  determine	
  matrix	
  elements	
  for	
  low-­‐lying	
  states	
  allowing	
  for	
  
a	
  full	
  comparison	
  with	
  theoreacal	
  predicaons.	
  	
  

•  Furthermore,	
  the	
  intrinsic	
  shape	
  of	
  the	
  ground	
  state	
  and	
  second	
  0+	
  
state	
  will	
  be	
  invesagated	
  using	
  the	
  quadrupole	
  sum	
  rules	
  method.	
  	
  

We	
  request	
  a	
  total	
  of	
  12	
  shiUs	
  with	
  a	
  305-­‐MeV	
  72Se	
  beam	
  (10	
  
on	
  a	
  208Pb	
  target	
  and	
  up	
  to	
  2	
  with	
  a	
  196Pt	
  target)	
  at	
  a	
  minimum	
  
intensity	
  of	
  2	
  x	
  105	
  pps	
  in	
  order	
  to	
  perform	
  this	
  experiment.	
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Thank	
  you	
  !!	
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Experimental	
  Setup	
  

DSSSD	
  
MINIBALL	
  

Beam	
  Dump	
  
Detector	
  	
  

γ-­‐ray	
  
spectroscopy	
  

Par@cles	
  
• 	
  angles	
  
• 	
  energies	
  

Beam	
  
impuri@es	
  

Pure	
  72Se	
  beam	
  
from	
  HIE-­‐ISOLDE	
  
@	
  4.2	
  MeV/u	
  	
  

2	
  mg/cm2	
  
208Pb	
  target	
  

MINIBALL	
   Par@cle	
  Detec@on	
  
•  Purpose-­‐built	
  for	
  the	
  detecaon	
  of	
  low	
  

mulaplicity	
  γ	
  rays	
  with	
  high-­‐efficiency	
  
(ε	
  ≈	
  8%	
  for	
  1.3-­‐MeV	
  photons).	
  

•  Segmented	
  detectors	
  =>	
  superior	
  
Doppler	
  correcaon.	
  	
  

•  ScaMered	
  projecale	
  or	
  recoiling	
  target	
  
nuclei	
  detected	
  in	
  Si	
  CD	
  detector	
  
subtending	
  LAB	
  angles	
  of	
  16°-­‐53°.	
  

•  16	
  annular	
  p+	
  strips/quadrant	
  
•  24	
  sector	
  n+	
  strips/quadrant	
  	
  

	
  =>	
  large	
  degree	
  of	
  segmentaaon.	
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Expected	
  Yields	
  (2)	
  
•  As	
  before,	
  but	
  with	
  new	
  Coulex	
  chamber.	
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Mo@va@on	
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Nuclear	
  excitaaon	
  by	
  electromagneac	
  field	
  acang	
  between	
  nuclei.	
  

b	
  

projecale	
  

target	
  
The	
  excitaaon	
  cross	
  secaon	
  is	
  a	
  	
  
direct	
  measure	
  of	
  the	
  Eλ	
  matrix	
  elements.	
  

If  

1st	
  order:	
  

iffi IEIa )2()1( M∝→

Ii
 

2nd	
  order:	
  

immffi IEIIEIa )2()2()2( MM∝→

Ii
 

If  
Im  

iffffi IEIIEIa )2()2()2( MM∝→

reorientaaon	
  effect:	
  

If  

Ii 

Mf  

τ	
  

lifeame	
  measurement	
  
5)();2(1

γτ
λ EIIEB if →∝=

differenaal	
  Coulomb	
  excitaaon	
  cross	
  secaon	
  
⇒	
  transiaon	
  probability	
  B(E2)	
  
⇒	
  quadrupole	
  moment	
  Qs	
  

44Ar	
  +	
  208Pb	
  


