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Outline 
•  The	  nucleus	  as	  an	  open	  quantum	  systems	  	  

–  Halos	  and	  Borromean	  nuclei	  	  
–  Trea<ng	  resonances	  and	  bound-‐states	  on	  equal	  foo<ng	  

•  Role	  of	  con<nuum	  on	  level	  ordering	  in	  light	  nuclei	  
•  Impact	  of	  con<nuum	  on	  the	  neutron	  dripline	  and	  the	  

evolu<on	  of	  shell	  structure	  in	  calcium	  isotopes	  
•  Extending	  CCM	  to	  study	  elas<c	  scaGering	  

–  Compu<ng	  the	  overlap	  func<on	  from	  CCM	  
–  Spectroscopic	  factors	  and	  con<nuum	  induced	  correla<ons	  
–  Elas<c	  proton	  scaGering	  of	  40Ca	  and	  neutron	  scaGering	  of	  60Ca	  

•  Inelas<c	  reac<ons	  and	  breakup	  obsverables	  from	  CCM	  
–  Compu<ng	  the	  response	  func<on	  by	  combining	  the	  Lorentz	  
Integral	  Transform	  technique	  with	  CCM	  

–  Dipole	  response	  from	  CCM	  in	  light	  and	  medium	  mass	  nuclei	  
–  Problem	  of	  satura<on	  and	  impact	  on	  dipole	  response/
polarizability	  



~ 300 stable nuclei  

N/Z~1 for light 
nuclei 

N/Z~1.5 for 208Pb 

~4000-6000 
unstable nuclei  
decay by  α, β, 1p, 
2p, 
1n, cluster 
emission, fission… 

Nuclear landscape and consequences.



Physics of nuclei at the edges of stability	  

From	  Wikipedia,	  the	  free	  encyclopedia:	  
In	  physics,	  an	  open	  quantum	  system	  is	  a	  quantum	  system	  which	  is	  found	  to	  be	  in	  
interac<on	  with	  an	  external	  quantum	  system,	  the	  environment.	  The	  open	  quantum	  
system	  can	  be	  viewed	  as	  a	  dis<nguished	  part	  of	  a	  larger	  closed	  quantum	  system,	  the	  
other	  part	  being	  the	  environment.	  





Nuclear halos a manifestation of openness 

•  11Li	  maGer	  radii	  unusually	  large	  compared	  to	  
neighboring	  nuclei.	  

•  11Li	  is	  the	  holy	  grail	  of	  nuclear	  halos	  I.	  Tanihata	  et	  al,	  	  
Phys.	  Rev.	  LeG.	  55,	  2676	  (1985)	  	  

Borromean	  rings	  



Carbon-‐22,	  which	  has	  a	  nucleus	  comprised	  
of	  16	  neutrons	  and	  6	  protons,	  is	  the	  heaviest	  
atom	  yet	  discovered	  to	  exhibit	  a	  "halo	  
nucleus."	  



The	  Berggren	  
completeness	  treats	  
bound,	  resonant	  and	  
scaGering	  states	  on	  equal	  
foo<ng.	  
	  
Has	  been	  successfully	  
applied	  in	  the	  shell	  model	  
in	  the	  complex	  energy	  
plane	  to	  light	  nuclei.	  For	  a	  
review	  see	  	  
	  
N.	  Michel	  et	  al	  J.	  Phys.	  G	  
36,	  013101	  (2009).	  

Physics of nuclei at the edges of stability	  

T.	  Berggren	  Nucl.	  Phys.	  A	  109	  265	  (1968)	  



Physics of neutron rich nuclei is 
challenging and demanding 

Many-‐body	  	  
Correla<ons:	  	  

Coupled-‐Cluster	  
theory	  

Interac<ons:	  
NN	  +	  3NFs	  from	  

Chiral	  EFT	  

Open	  channels:	  
Gamow	  Shell	  Model	  

•  Halo	  nuclei	  	  
•  Neutron	  rich	  

isotopes	  	  
•  Clustering	  in	  

nuclei,	  Hoyle	  
state	  in	  12C	  

•  New	  magic	  
numbers	  
appear	  at	  the	  
driplines	  

	  	  	  



Ab-initio no-core shell model and resonanting 
group method for scattering

First	  ab-‐ini<o	  descrip<on	  of	  the	  parity	  inverted	  
ground	  state	  in	  11Be.	  	  S.	  Quaglioni	  and	  P.	  Navra<l	  
PRL	  (2008)	  

Spectra	  of	  6Li	  from	  NCSMC	  with	  chiral	  NN	  
and	  3NFs.	  Effect	  of	  con<nuum	  is	  significant	  
on	  levels	  above	  the	  deuteron	  emission	  
threshold.	  G.	  Hupin	  et	  al,	  PRL	  (2015)	  



Continuum induced correlations

Con<nuum	  shell	  model	  calcula<ons	  of	  oxygen	  isotopes.	  The	  effect	  of	  	  
con<nuum	  correla<ons	  for	  nuclei	  with	  low	  neutron	  emission	  thresholds	  
can	  be	  significant.	  	  
N.	  Michel	  et	  al,	  J.	  Phys.	  G	  37	  064042	  (2010).	  



Computing nuclei with A+1   
Example: proton-halo state in 17F

• 	  Separa<on	  energy	  of	  halo	  state	  is	  only	  105	  keV	  
• 	  Con<nuum	  has	  to	  be	  treated	  properly	  
• 	  Use	  Berggren	  basis	  with	  PA-‐EOM-‐CCSD(2p1h)	  

	  
	  

	  
	  



Effect of continuum on low-lying states in 17F
Single-‐par<cle	  basis	  consists	  of	  bound,	  resonance	  and	  scaGering	  states	  
• 	  Gamow	  basis	  for	  s1/2	  d5/2	  and	  d3/2	  single-‐par<cle	  states	  
• 	  Harmonic	  oscillator	  states	  for	  other	  par<al	  waves	  

[G.	  Hagen,	  TP,	  M.	  Hjorth-‐Jensen,	  	  
Phys.	  Rev.	  LeG.	  104,	  182501	  (2010)]	  

1/2+	  	  

3/2+	  	  



Is 28O a bound nucleus?
Experimental situation	


•  “Last” stable oxygen isotope 24O	


•  25,26O unstable (Hoffman et al 2008, 	


	
Lunderberg et al 2012)	


•  28O not seen in experiments	


•  31F exists (adding on proton shifts drip line by 6 neutrons!?)	  

Shell model (sd shell) with monopole corrections based on three-
nucleon force predicts 2nd O as last stable isotope of oxygen.  [Otsuka, 
Suzuki, Holt, Schwenk, Akaishi, PRL (2010), arXiv:0908.2607]	


28O?	  

Con<nuum	  shell	  model	  with	  
HBUSD	  interac<on	  predict	  
28O	  unbound.	  A.	  Volya	  and	  V.	  
Zelevinsky	  PRL	  (2005)	  



Excited states in neutron rich oxygen isotopes

Experiment 
[Hoffman et al., PRC 83, 031303 
(2011)] Unbound states in 24O 
populated by knockout from 26F. 
Observation of 22O and two-neutron 
cascade. Speculation: single 
resonance or superposition of 
states with Jπ= 1+ to 4+. 

Hagen, Hjorth-Jensen, Jansen, Machleidt, Papenbrock, 
Phys. Rev. Lett. 108 242501 (2012) 

Inclusion continuum and of schematic 3NFs:  
kF=1.05 fm-1, cE=0.71, cD=-0.2   



Magic nuclei  
determine the  
structure of entire  
regions of the  
nuclear chart 

40Ca	  in	  our	  bones	  
(N=Z=20)	  

Effect of continuum on shell structure in 
neutron rich Calcium	  

•  How	  do	  shell	  closures	  and	  magic	  numbers	  
evolve	  towards	  the	  dripline?	  

•  Is	  the	  naïve	  shell	  model	  picture	  valid	  at	  the	  
neutron	  dripline?	  

•  What	  are	  the	  mechanisms	  for	  new	  shell	  
structure?	  

54Ca	  40Ca	   48Ca	   60Ca	  52Ca	  



Neutron rich calcium isotopes 	  
Hagen,	  Hjorth-‐Jensen,	  Jansen,	  Machleidt,	  Papenbrock,	  	  Phys.	  Rev.	  LeX.	  109,	  032502	  (2012).	  
	  

Gallant	  et	  al	  PRL	  2012	  
Wienholtz	  Nature	  2013	  

61Ca	  

Erler	  et	  al.,	  Nature	  486,	  
509	  (2012)	  	  

C	  Forssén	  et	  al	  
Phys.	  Scr.	  014022	  (2013)	  	  



Spectra and shell evolution in Calcium isotopes 	  

RIKEN [Steppenbeck,  
Nature 502, 207 (2013)]   

Will be measured  
at RIKEN ? 
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Effect of continuum on excited states in odd 
neutron rich Calcium isotopes 	  

S.	  M.	  Lenzi,	  F.	  Nowacki,	  A.	  Poves,	  	  
and	  K.	  Sieja	  Phys.	  Rev.	  C	  82,	  054301	  (2010)	  	  

J.	  Meng	  et	  al,	  Phys.	  Rev.	  C	  65,	  041302(R)	  (2002)	  	  	  
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S.	  M.	  Lenzi,	  F.	  Nowacki,	  A.	  Poves,	  	  
and	  K.	  Sieja	  Phys.	  Rev.	  C	  82,	  054301	  (2010)	  	  



Towards nuclear reactions with coupled-
cluster theory

One-‐nucleon	  overlap	  func[ons	  
Elas<c	  scaGering,	  capture	  and	  transfer	  reac<ons	  of	  a	  nucleon	  on/to	  a	  target	  nucleus	  with	  
mass	  A	  is	  determined	  by	  the	  one-‐nucleon	  overlap	  func<on	  
	  

OA+1
A (lj; r) =

X

n

hA||anlj ||A+ 1i�nlj(r)

hA| = h�0|L0e
�T

h�0|L0e
�THeT = h�0|L0H̄ = E0h�0|

The	  leq	  ground-‐state	  for	  target	  nucleus	  A	  is	  given	  by:	  	  

The	  A+1	  final	  states	  are	  computed	  via	  par<cle-‐aGached	  coupled-‐cluster	  method:	  

|A+ 1i = RA+1eT |�0i = eT
 
X

a

raa†a +
1

2

X

abi

rabi a†aa
†
bai

!
|�0i

H̄RA+1|�0i = EA+1RA+1|�0i



Towards nuclear reactions with coupled-
cluster theory

One-‐nucleon	  overlap	  func[on	  from	  coupled	  cluster	  theory:	  
Ø.	  Jensen	  	  et	  al	  PRC	  82,	  014310	  (2010).	  

OA+1
A (lj; r) =

X

n

h�0|L0anljR
A+1|�0i�nlj(r)

ap = e�Tape
T = [ap, T ]

ap = ap +
X

i

tpi ai +
1

2

X

ijc

tpcij a
†
cajai

The	  similarity	  transformed	  annihila<on/crea<on	  operator	  calculated	  via	  	  
the	  Baker-‐Campbell-‐Hausdorff	  commutator	  expansion:	  	  

Bergren	  basis	  	  	  
ensures	  correct	  asympto<c	  behavior	  



Treatment of long-range Coulomb effects	  

V
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We	  add	  and	  subtract	  a	  one-‐body	  	  
Coulomb	  term:	  

The	  A-‐nucleon	  Hamiltonian	  is:	  

We	  construct	  the	  Coulomb	  Berggren	  basis	  by	  diagonalizing	  the	  1-‐body	  Schrodinger	  equa<on	  
In	  a	  basis	  of	  spherical	  Bessel	  func<ons:	  

The	  one-‐body	  coulomb	  poten<al	  has	  a	  	  
Logarithmic	  singularity	  at	  Ql(1)	  :	  
	  

The	  singularity	  is	  removed	  by	  the	  	  
off-‐diagonal	  method:	  replace	  the	  singularity	  	  
by	  a	  finite	  value	  depending	  on	  the	  quadrature	  
N.	  Michel	  Phys.	  Rev.	  C	  83,	  034325	  (2011)	  	  
	  

Numerical	  example:	  proton	  resonances	  in	  17F	  	  
In	  a	  Woods-‐Saxon	  poten<al	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  



Treatment of long-range Coulomb effects	  



Continuum induced correlations: Quenching of 
spectroscopic factors for proton removal in 

neutron rich oxygen isotopes
Spectroscopic	  factor	  is	  a	  useful	  tool	  to	  study	  
correla<ons	  towards	  the	  dripline.	  	  
	  
SF	  for	  proton	  removal	  in	  neutron	  rich	  24O	  show	  
strong	  “quenching”	  poin<ng	  to	  large	  devia<ons	  
from	  a	  mean-‐field	  like	  picture.	  
G.	  Hagen	  et	  al	  Phys.	  Rev.	  LeG.	  107,	  032501	  
(2011).	  	  	  

Strong	  asymmetry	  dependence	  on	  the	  SF	  
for	  proton	  and	  neutron	  removal	  in	  
neutron	  rich	  oxygen	  isotopes.	  	  
	  
SF~1	  for	  neutron	  removal	  while	  protons	  
are	  strongly	  correlated	  SF	  ~0.6-‐0.7	  in	  
22,24,28O	  	  



Threshold effects and spectroscopic factors

Near	  the	  scaGering	  threshold	  for	  one-‐neutron	  
decay	  the	  spectroscopic	  factors	  are	  	  
Significantly	  influenced	  by	  the	  presence	  of	  
The	  con<nuum.	  The	  standard	  shell	  model	  
	  
	  	  
	  
approxima<on	  to	  spectroscopic	  factors	  	  
completely	  fails	  in	  this	  region.	  	  
	  
	  
N.	  Michel	  et	  al	  Phys.	  Rev.	  C	  75,	  031301	  (2007)	  
N.	  Michel	  et	  al	  Nucl.	  Phys.	  A	  794,	  29	  (2007)	  	  	  

Top	  and	  middle:	  	  

BoGom	  :	  	  



The	  one-‐nucleon	  overlap	  func<on:	  	  

Beyond	  the	  range	  of	  the	  nuclear	  interac<on	  the	  overlap	  func<ons	  take	  the	  form:	  

Elastic proton/neutron scattering on 40Ca
G.	  Hagen	  and	  N.	  Michel,	  Phys.	  Rev.	  C	  86,	  021602(R)	  	  (2012).	  	  

OA+1
A (lj; r) =

X

n

hA||anlj ||A+ 1i�nlj(r)

Sp(Th)	  =	  0.71MeV	  
Sp(Exp)	  =	  1.09MeV	  



Differen<al	  cross	  sec<on	  for	  elas<c	  proton	  	  
scaGering	  on	  40Ca.	  	  
	  
Fair	  agreement	  between	  theory	  and	  
experiment	  for	  low-‐energy	  scaGering.	  	  

Elastic proton/neutron scattering on 40Ca

G.	  Hagen	  and	  N.	  Michel	  	  
Phys.	  Rev.	  C	  86,	  021602(R)	  	  (2012).	  	  



Efimov physics around neutron rich 60Ca
G.	  Hagen,	  	  P.	  Hagen,	  	  H.-‐W.	  Hammer,	  and	  L.	  PlaXer,	  PRL	  	  111,	  132501	  (2013)	  

	  
•  Phase	  shiqs	  	  from	  CC	  

overlap	  func<ons	  
•  Large	  S-‐wave	  scaGering	  

length	  in	  61Ca	  implies	  
Halo	  phenomena	  

•  Novel	  Approach:	  Merge	  
halo-‐EFT	  and	  input	  
from	  CC	  to	  study	  
proper<es	  of	  62Ca	  	  	  

Halo	  EFT	  breakdown	  scale	  



Efimov physics around neutron rich 60Ca 

•  Halo	  EFT	  provides	  a	  model-‐independent	  descrip<on	  of	  halo	  nuclei	  
•  Core	  +	  valence	  nucleons	  are	  effec<ve	  degrees	  of	  freedom	  
•  The	  coupling	  constants	  from	  the	  n-‐n	  and	  core-‐n	  effec<ve	  range	  	  
•  The	  expansion	  is	  given	  in	  powers	  of	  R/a	  with	  R	  ~	  effec<ve	  range	  
•  Use	  coupled-‐cluster	  results	  for	  61Ca	  to	  study	  signals	  of	  Efimov	  physics	  

The	  Halo	  EFT	  core	  n-‐n	  Lagrangian	  to	  leading	  order:	  

Coupling	  constants	  given	  by	  n-‐n	  and	  core-‐n	  effec<ve	  ranges	   Three-‐body	  coupling	  



Efimov physics around neutron rich 60Ca
•  For	  	  S2n	  larger	  than	  ~	  230keV	  
another	  state	  appears	  in	  the	  
spectrum	  

•  62Ca	  is	  likely	  to	  have	  an	  Efimov	  
state	  (large	  halo)	  

•  It	  is	  conceivable	  that	  62Ca	  displays	  
an	  excited	  Efimov	  state	  	  

230keV	  

Excited	  Efimov	  	  
state	  

8keV	  

22C	  maGer	  radius	  

•  22C	  is	  the	  largest	  known	  two-‐
neutron	  halo	  Rrms	  ~5.4fm	  
(Tanaka	  PRL 	  2010)	  

•  Computed	  maGer	  radii	  for	  
62Ca	  indicates	  that	  it	  has	  the	  
poten<al	  to	  be	  the	  largest	  
and	  heaviest	  halo	  in	  the	  
chart	  of	  nuclei	  	  



Break-up observables for medium-mass nuclei
Cross	  sec<on	  is	  related	  to	  the	  Response	  
Func<on	  in	  the	  con<nuum	  

	  Cannot	  be	  calculated	  beyond	  3-‐body	  break-‐up	  even	  for	  A=4	  
	  

Efros	  et	  al.,J.	  Phys.	  G:	  Nucl.	  Part.	  Phys.	  34	  (2007)	  	  
Lorentz	  Integral	  Transform	  method	  
(Efros,	  Leidemann,Orlandini,	  Barnea,	  Bacca)	


Solu[on:	  

Bound-‐state-‐like	  
object.	  Need	  bound	  
state	  technique	  to	  
calculate	  it	  	  
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Coupled-cluster formulation of the Lorentz-
Integral Transformation

Solve	  via	  Equa<on	  Of	  Mo<on	  (EOM):	  
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Want	  to	  solve	  the	  Schrödinger	  like	  	  
equa<on	  with	  a	  source	  term:	  

 ̃By	  using	  the	  right	  and	  leq	  EOM	  ansatze	  for	  	  	  	  	  	  	  	  	  	  	  
we	  can	  write	  down	  right/leq	  EOM	  equa<ons	  	  

The	  Lorentz-‐Integral	  	  
Transformaiton	  is	  then	  given:	  

| ̃i

O = e�TOeT ,

O† = e�TO†eT

Use	  BCH	  commutator	  expansion	  	  
to	  compute	  similarity	  transforms:	  

h�0|L̃
�
H � E0 � � � i�

�
= h�0|L0O†

L(�,�) = h�0|L̃(z)R(z⇤)|�0i



Dipole response in 4He from coupled-cluster
S.	  Bacca,	  N.	  Barnea,	  G.	  Hagen,	  G.	  Orlandini,	  T.	  Papenbrock,	  PRL	  111,	  143402	  (2013).	  
S.	  Bacca,	  N.	  Barnea,	  G.	  Hagen,	  M.	  Miorelli,	  G.	  Orlandini,	  T.	  Papenbrock,	  PRC	  90,	  064610	  (2014)	  

Nmax=18,	  hw	  =	  20MeV	  
N3LO(EM)	  

Dipole	  polarizability	  in	  4He	  from	  
CCSD	  within	  1%	  of	  exact	  Hyper-‐
spherical	  harmonics	  
	  
	  
	  
	  

Lorentz	  Integral	  transform	  from	  
coupled-‐cluster	  benchmarked	  
with	  “exact”	  hyper-‐spherical	  
harmonics	  for	  4He	  

↵D = 2↵

Z 1

!th

d!
S(!)

!

M.	  Miorelli	  et	  al,	  in	  prepara<on	  



Giant dipole resonance in 16O  
N3LO Entem & Machleidt (NN only)

S.	  Bacca,	  N.	  Barnea,	  G.	  Hagen,	  G.	  Orlandini,	  T.	  Papenbrock,	  PRL	  111,	  143402	  (2013).	  



Dipole response in 22O  


We	  find	  low-‐lying	  dipole	  strength	  
consistent	  with	  experiment	  	  
Total	  dipole	  strength	  is	  enhanced	  in	  
22O	  as	  compared	  to	  16O	  which	  can	  be	  
explained	  by	  the	  excess	  of	  neutrons	  
in	  22O	  

S.	  Bacca,	  N.	  Barnea,	  G.	  Hagen,	  M.	  Miorelli,	  G.	  Orlandini,	  T.	  Papenbrock,	  PRC	  90,	  064610	  (2014)	  



 with M.Miorelli Dipole response and polarizability in 40Ca 
N3LO Entem & Machleidt (NN only) 


•  Dipole	  response	  in	  40Ca	  
compared	  to	  data.	  	  

•  Dipole	  resonance	  at	  too	  
high	  energy,	  implies	  too	  
small	  electric	  dipole	  
polarizability.	  	  

Rch(Th) = 3.05fm

Rch(Exp) = 3.48fm

E(Th) = 362MeV

E(Exp) = 342MeV

Current	  chiral	  interac<ons	  do	  not	  have	  good	  
satura<on	  proper<es.	  Radii	  and	  binding	  
energies	  are	  off	  the	  experimental	  target	  values	  
	  
How	  to	  solve	  the	  problem	  of	  satura[on?	  	  

↵D(Th) = 1.47 fm

3

↵D(Exp) = 2.23(3) fm3



Navratil et al (2007); 
Jurgenson et al (2011) 

Binder et al (2014) 

Epelbaum et al (2014) 

Epelbaum et al (2012) 

Maris et al (2014) 

Wloch et al (2005) 

Hagen et al (2014) 

Bacca et al (2014) 

Maris et al (2011) 

Accurate nuclear binding energies and radii 
from a chiral interaction	  

Our	  solu[on:	  simultaneous	  op<miza<on	  of	  NN	  and	  3NFs	  with	  input	  from	  selected	  
nuclei	  up	  to	  A	  ~	  25	  (NNLOsat).	  A.	  Ekström	  et	  al,	  Phys.	  Rev.	  C	  91,	  051301(R)	  (2015)	  



Dipole polarizability of 16O 	  

M.	  Miorelli	  et	  al,	  in	  prepara<on	  (2015)	  



Backup slides







Theory	  does	  not	  support	  
the	  existence	  of	  a	  tetra	  neutron.	  



Superheavy	  hydrogen	  isotopes.	  

The	  most	  exo[c	  system	  	  
ever	  found	  	  

	  
System	  with	  a	  N/Z	  =6	  can	  exist	  !	  	  

Gives	  important	  informa<on	  on	  the	  
existence	  of	  a	  tetra	  neutron	  (4N).	  	  

	  
Fizng	  to	  a	  Breit-‐Wigner	  distribu<on	  	  
the	  extracted	  resonance	  value	  is	  	  

0.57	  MeV	  above	  the	  3H+4N	  threshold	  
and	  with	  a	  width	  0.09	  MeV.	  	  

	  
Need	  for	  theory	  

	  
M.	  Caamano	  PRL	  99,	  062502		(2007)    



Clustering in nuclei a near threshold phenomena
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Halo structures 

Spectra and matter distribution modified by 
the proximity of scattering continuum 



Asymmetry dependence and spectroscopic factors

• Spectroscopic	  factors	  are	  not	  
observables	  	  
• They	  are	  extracted	  from	  a	  cross	  
sec<on	  based	  on	  a	  specific	  structure	  
and	  reac<on	  model	  	  
• Structure	  and	  reac<on	  models	  needs	  
to	  be	  consistent!	  	  

C.	  Barbieri,	  W.H.Dickhoff,	  Int.	  Jour.	  Mod.	  Phys.	  A24,	  
2060	  (2009).	  
	  
Self-‐consistent	  green’s	  func<on	  method	  show	  rather	  
weak	  asymmetry	  dependence	  for	  the	  spectroscopic	  
factor.	  



Densities and radii from coupled-cluster theory 

We	  can	  obtain	  the	  intrinsic	  density	  by	  a	  deconvolu<on	  of	  the	  laboratory	  density	  
B.	  G.	  Giraud,	  Phys.	  Rev.	  C	  77,	  014311	  (2008)	  

Center	  of	  mass	  part	   Intrinsic	  density	  Lab.	  density	  

The	  coupled-‐cluster	  wave	  func<on	  factorizes	  
to	  a	  good	  approxima<on	  into	  an	  intrinsic	  and	  
center	  of	  mass	  part,	  	  	  
where	  the	  center	  of	  mass	  part	  is	  a	  Gaussian	  
with	  a	  fixed	  oscillator	  frequency	  
independent	  of	  single-‐par<cle	  basis	  
GH,	  T.	  Papenbrock	  and	  D.	  Dean	  et	  al,	  Phys.	  
Rev.	  LeG.	  103,	  062503	  (2009)	  	  	  

⇥ = �in�

�pq = ��0|a†paq|�0⇥ = �⇥0|Le�T a†paqe
T |⇥0⇥ = �⇥0|La†paq|⇥0⇥

e�T HNeT |�0� = HN |�0� = ECC |�0� ��0|L0HN = ECC��0|L0

We	  solve	  for	  the	  right	  and	  leq	  ground	  state	  of	  the	  similarity	  transformed	  Hamiltonian	  

The	  density	  matrix	  is	  computed	  within	  coupled-‐cluster	  method	  as:	  



Densities and radii from coupled-cluster theory 

1.  Rela<ve	  energies	  in	  21-‐24O	  depend	  
weakly	  on	  the	  resolu<on	  scale	  	  

2.  We	  clearly	  see	  shell	  structure	  appearing	  
in	  the	  maGer	  densi<es	  for	  21-‐24O	  

3.  MaGer	  and	  charge	  radii	  depend	  on	  the	  
resolu<on	  scale,	  however	  rela<ve	  
difference	  which	  is	  relevant	  for	  isotope	  
shiq	  measurements	  does	  not	  	  	  	  



23O	  interac<on	  cross	  sec<on	  	  
(scaGering	  off	  12C	  target	  @	  GSI)	  

Experimental	  radii	  extracted	  from	  maGer	  distribu<on	  within	  Glauber	  model.	  
Main	  result	  of	  new	  measurement:	  23O	  follows	  systema<cs;	  interac<on	  cross	  sec<on	  
consistent	  with	  separa<on	  energies.	  	  
R.	  Kanungo	  et	  al	  Phys.	  Rev.	  C	  84,	  061304	  (2011)	  

Experiment	  

Ozawa	  et	  al.	  (2001)	  

Kanungo	  et	  al	  (2011)	  
E	  ≈	  900A	  MeV	  



Resolving the anomaly in the cross section of 23O 

The	  anamoly	  of	  23O	  	  
	  
New	  measurements	  	  
(R.	  Kanungo)	  of	  the	  23O	  
cross	  sec<on	  and	  coupled	  
cluster	  calcula<ons	  show	  
that	  23O	  is	  not	  consistent	  
with	  a	  one-‐neutron	  halo	  
picture	  



Oxygen isotopes from chiral interactions 	  
Chiral	  three-‐nucleon	  force	  at	  order	  N2LO.	  kf=1.05fm-‐1,	  	  
CD	  =	  0.2,	  CE	  =	  0.71	  (fiGed	  to	  to	  the	  binding	  energy	  
of	  16O	  and	  22O).	  	  	  

•  Inclusion	  of	  effec<ve	  3NF	  
places	  dripline	  at	  25O.	  	  

•  Overall	  the	  odd-‐even	  
staggering	  in	  the	  neutron	  rich	  
oxygen	  is	  well	  reproduced.	  

•  We	  find	  26O	  to	  unbound	  with	  
respect	  to	  24O	  by	  ~100keV,	  	  
agreement	  with	  E.	  Lunderberg	  
et	  al.,	  Phys.	  Rev.	  LeX.	  108	  (2012)	  
142503	  

•  We	  find	  	  28O	  to	  be	  unbound	  
with	  a	  resonance	  width	  of	  
~2MeV	  

CD	
 CE	


	  G.	  Hagen,	  M.	  Hjorth-‐Jensen,	  G.	  R.	  
Jansen,	  R.	  Machleidt,	  T.	  Papenbrock,	  
Phys.	  Rev.	  LeG.	  108,	  242501	  (2012).	  	  


