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How to predict exotic isotopes? 

driplines	

shell closures	

[Picture credit: Isotope Science Facility MSUCL-1345 ]	

the nuclear spectral is 
function a valuable  path How to calculate reactions? 

How to extract information  
from measured reactions?	



•  Optical potentials and spectral functions 

–  The Green’s function method 

•  Two approaches that work for medium masses: 

–  Dispersive optical potentials (phenomenologic – data driven 
extrapolations) 

–  Microscopic calculations of Dyson and Gorkov GF (ab-initio) 

–  FRPA method for the Dyson-GF 

•  Microscopic calculations: 

–  O – proton scattering 

–  Comparison with the DOM potential 

•  Results for spectroscopic factors (quenching) – if there is time 

•  Conclusions 



Concepts of Spectral Functions 
and 

Many-Body Green’s Functions 



Use a probe (ANY probe) to eject the particle we are 
interested to: 

Basic idea: 
•  we know, e, e’ and p  
•  “get” energy and momentum of pi: pi = ke’ + kp – ke 

              Ei = Ee’ + Ep - Ee 

 Target,  N-body 
system N-1 particles 

e 

e’ 

p q,ω 

pi 

Better to choose 
 large transferred 

momentum and weak 
probes!!!	
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One-body Green’s function (or propagator) describes the motion of quasi- 
particles and holes: 

 …this contains all the structure information probed by nucleon transfer 
(spectral	  func.on): 
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15]. The method has later been applied to atoms and
molecules [12, 16] and recently to 56Ni [17] and 48Ca [18].
The ab initio results of Ref. [18] are in good agreement
with (e, e!p) data for spectroscopic factors from Ref. [19]
and also show that the configuration space needed for the
incorporation of long-range (surface) correlations is much
larger than the space that can be utilized in large-scale
shell-model diagonalizations. In Ref. [20], the FRPA was
employed to calculate proton scattering on 16O and ob-
tain results for phase shifts and low-lying states in 17F.
However, the properties of the self-energy at larger scat-
tering energies which are now of great interest for the
developments of DOM potentials was not addressed. In
particular, one may expect to extract useful information
regarding the functional form of the DOM from a study
of the self-energy for a sequence of calcium isotopes. It
is the purpose of the present work to close this gap. We
have chosen in addition to 40Ca and 48Ca also to include
60Ca, since the latter isotope was studied with a DOM
extrapolation in Refs. [8, 9]. Some preliminary results of
these FRPA calculations for spectroscopic factors were
reported in Ref. [14] but the emphasis in the present work
is on the properties of the microscopically calculated self-
energies. The resulting analysis is intended to provide
a microscopic underpinning of the qualitative features of
empirical optical potentials. Additional information con-
cerning the degree and form of the non-locality of both
the real and imaginary parts of the self-energy will also
be addressed because it is of importance to assess the
current local implementations of the DOM method.
In Sec. II A we introduce some of the basic properties

for the analysis of the self-energy. The ingredients of the
FRPA calculation are presented in Sec. II C. The choice
of model space and realistic nucleon-nucleon (NN) inter-
action are discussed in Sec. III. We present our results
in Sec. IV and finally draw conclusions in Sec. V.

II. FORMALISM

In the Lehmann representation, the one-body Green’s
function is given by
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where ", #, ..., label a complete orthonormal basis set
and c! (c†") are the corresponding second quantization
destruction (creation) operators. In these definitions,
|!A+1

n ", |!A"1
k " are the eigenstates, and EA+1

n , EA"1
k

the eigenenergies of the (A ± 1)-nucleon isotope. The
structure of Eq. (1) is particularly useful for our pur-
poses. At positive energies, the residues of the first term,
!!A+1

n |c†!|!
A
0 ", contain the scattering wave functions for

the elastic collision of a nucleon o" the |!A
0 " ground state,

while at negative energies they give information on fi-
nal states of the nucleon capture process. Consequently,
the second term has poles below the Fermi energy (EF )
which carry information about the removal of a nucleon
and therefore clarify the structure of the target state |!A

0 "
itself. Green’s function theory provides a natural frame-
work for describing physics both above and below the
Fermi surface in a consistent manner.
The propagator (1) can be obtained as a solution of

the Dyson equation,

g!"(E) = g(0)!" (E) +
!

#$

g(0)!# (E)#%
#$(E) g$"(E) , (2)

in which g(0)(E) is the propagator for a free nucleon
(moving only with its kinetic energy). #%(E) is the irre-
ducible self-energy and represents the interaction of the
projectile (ejectile) with the target nucleus. Feshbach,
developed a formal microscopic theory for the optical po-
tential already in Ref. [21, 22] by projecting the many-
body Hamiltonian on the subspace of scattering states.
It has been proven that if Feshbach’s theory is extended
to a space including states both above and below the
Fermi surface, the resulting optical potential is exactly
the irreducible self-energy #%(E) [23] (see also Ref. [24]
and Ref. [25] for a shorter demonstration).
The above equivalence with the microscopic optical po-

tential is fundamental for the present study, since the
available knowledge from calculations based on Green’s
function theory can be used to suggest improvements of
optical models. In particular, in the DOM, the dispersion
relation obeyed by #%(E) is used to reduce the number of
parameters and to enforce the e"ects of causality. Thus
the DOM potentials can also be thought of as a repre-
sentation of the nucleon self-energy.

A. Self-Energy

For a J = 0 nucleus, all partial waves ($, j, %) are
decoupled, where $,j label the orbital and total angu-
lar momentum and % represents its isospin projection.
The irreducible self-energy in coordinate space (for ei-
ther a proton or a neutron) can be written in terms of
the harmonic-oscillator basis used in the FRPA calcula-
tion, as follows:

#%(x,x!;E) =
!
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I&jmj
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where x % r,&, % . The spin variable is represented by
&, n is the principal quantum number of the harmonic
oscillator, and a % (na, $, j, %) (note that for a J = 0 nu-
cleus the self-energy is independent ofmj). The standard
radial harmonic-oscillator function is denoted by Rn&(r),
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where x % r,&, % . The spin variable is represented by
&, n is the principal quantum number of the harmonic
oscillator, and a % (na, $, j, %) (note that for a J = 0 nu-
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One-body Green’s function (or propagator) describes the motion of quasi- 
particles and holes: 

 …this contains all the structure information probed by nucleon transfer 
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No-core calculation 
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Faddeev-RPA is a many-body method:   random phase approx. (RPA) for collective vibrations 
             Faddeev eqs. for particle-vibration coupling  
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the second term has poles below the Fermi energy (EF )
which carry information about the removal of a nucleon
and therefore clarify the structure of the target state |!A

0 "
itself. Green’s function theory provides a natural frame-
work for describing physics both above and below the
Fermi surface in a consistent manner.
The propagator (1) can be obtained as a solution of

the Dyson equation,

g!"(E) = g(0)!" (E) +
!

#$

g(0)!# (E)#%
#$(E) g$"(E) , (2)

in which g(0)(E) is the propagator for a free nucleon
(moving only with its kinetic energy). #%(E) is the irre-
ducible self-energy and represents the interaction of the
projectile (ejectile) with the target nucleus. Feshbach,
developed a formal microscopic theory for the optical po-
tential already in Ref. [21, 22] by projecting the many-
body Hamiltonian on the subspace of scattering states.
It has been proven that if Feshbach’s theory is extended
to a space including states both above and below the
Fermi surface, the resulting optical potential is exactly
the irreducible self-energy #%(E) [23] (see also Ref. [24]
and Ref. [25] for a shorter demonstration).
The above equivalence with the microscopic optical po-

tential is fundamental for the present study, since the
available knowledge from calculations based on Green’s
function theory can be used to suggest improvements of
optical models. In particular, in the DOM, the dispersion
relation obeyed by #%(E) is used to reduce the number of
parameters and to enforce the e"ects of causality. Thus
the DOM potentials can also be thought of as a repre-
sentation of the nucleon self-energy.

A. Self-Energy

For a J = 0 nucleus, all partial waves ($, j, %) are
decoupled, where $,j label the orbital and total angu-
lar momentum and % represents its isospin projection.
The irreducible self-energy in coordinate space (for ei-
ther a proton or a neutron) can be written in terms of
the harmonic-oscillator basis used in the FRPA calcula-
tion, as follows:

#%(x,x!;E) =
!

&jmj'

I&jmj
($,&)

$

"

!

na,nb

Rna&(r)#
%
ab(E)Rnb&(r

!)

#

(I&jmj
($!,&!))#, (3)

where x % r,&, % . The spin variable is represented by
&, n is the principal quantum number of the harmonic
oscillator, and a % (na, $, j, %) (note that for a J = 0 nu-
cleus the self-energy is independent ofmj). The standard
radial harmonic-oscillator function is denoted by Rn&(r),

Schrödinger-like eq. for bound and scattering states	  



Theory Features:!

• Fully microscopic  “ab-initio” 
approach 
•  Linked diags.  size extensivity 
•  hierarchy of equations—can improve 
systematically 
•  The computational cost scales gently 
with increasing A 
•  Suitable for parallel computing   
•  Self-consistency : 

•  fulfillment of conservation laws 
• “no” reference  state 

Links to Physics:!
•  Closely related to spectroscopy 
 experiments 

• “phonons” are the low-energy 
degrees of freedom 
phenomenological apps. possible 

•  The self-energy is a nucleon-
nucleus optical potential 
(see, e.g. DOM applications) 

GFs are the method of choice for a global picture of nuclear dynamics 

…and, yes, of course lots of information requires hard work…	



Feshbach  projection formalism: 

At time t- and t-  the system is a particle separated 
and far away from the rest of the system. 
Then, one is interested in initial and final states that 
look like: 

but these do not cover the full N+1 body Hilbert space! 

   must work in a subspace  

	  	  	  	  	  is	  the	  state	  n	  in	  which	  the	  target	  system	  is	  
prepared	  (usually	  the	  ground	  state	  	  	  	  	  	  	  	  	  ).	  

 	  we	  look	  at	  elas.c	  sca:ering,	  so	  this	  does	  not	  
change!	  	  	

NB:	  Here	  A	  is	  the	  
number	  of	  par.cles	



Feshbach  projection formalism: 

The following projects on a space that includes the initial 
and final scattering states 

    with  

So , we are only interested in knowing the 
projection of              in the “P” subspace 

…
 

Q 

P 

superscript	  p	  is	  
for	  “par.cle”	

NB:	  A	  is	  the	  number	  of	  
par.cles	



Feshbach  projection formalism: 

	  Sca/ers	  	  only	  par*cles	  	

E 

Hole	  states	  are	  frozen	  	  when	  using	  
the	  projector	  



Feshbach  projection formalism extended to include 
both particle and hole states: 

E 
In	  order	  to	  open	  the	  full	  single	  
par.cle	  space,	  one	  needs	  to	  
project	  on	  par.cles	  and	  holes	  at	  
the	  same	  *me:	  

	  This	  leads	  to	  the	  SAME	  self-‐energy	  
poten.al	  of	  the	  many-‐body	  GF	  formalism:	  



The 

Dispersive Optical Model (DOM) 

is 

a data-driven parameterization of the 
many-body self-energy  



Nuclear self-energy               : 
•  contains both particle and hole props. 
•  it is proven to be a Feshbach opt. pot 

 in general it is non-local ! 
•  must satisfy the dispersion relation: 

EF	

A+N	

A-1	 proper boundary 
conditions are 
driven by the 

causality principle	

E	



The DOM is a (for now local) parameterization of the self-energy that satisfy 
dispersion (i.e. parameterize ONLY              and               !! 

Developed by Mahaux and collaborators, in the 80s (208Pb, etc): 
• C. Mahaux and R. Sartor, Adv. Nucl. Phys. 20, 1 (1991). 

Recent develppments: global model around ACa chain (St.Louis): 
• R. J. Charity et al., Phys. Rev. Lett. 97, 162503 (2006); Phys. Rev. C 76, 044314 (2007). 



First application of global DOM to nuclei: 

•  Fit:  40-48Ca isotopes chain (Z=20, N=20-28) 

•  81 data sets, 3569 points 
•    up to 200 MeV scattering 
•    information on radii, spectroscopic factor, etc… 
•  25 parameters 

•  Extrapolation to 60Ca  not fully determined: need more information 
    from neutron scattering… 

•  Extension to other Zs (208Pb, ASn, …) 

R. J. Charity et al., Phys. Rev. Lett. 97, 162503 (2006); Phys. Rev. C 76, 044314 (2007). 

Phys. Rev. C (2011), in press.	  



Fitted differential cross sections:	



 Total cross sections	

Fitted 
polarization 

observables 	



Fit to (e,e’p) reaction data…	

One point could not 
be fitted…	



Fit to (e,e’p) reaction data…	

An independent re-analysis of 
40Ca(e,e’p) brings the SF in 

agreement with the DOM fit! 
[L. Lapikas, priv. comm.]  	

One point could not 
be fitted…	



fitted	
Ca	

Ar	

Ni	
Fe	

Ti	
Cr	



fitted	

extrapolated!!	

The fit made for Ca 
isotopes gives good 
predictions for Ni… 
 NO refitting !!	

Ca	
Ar	

Ni	
Fe	

Ti	
Cr	



Microscopic (ab-initio) approaches: 

•   Faddeev Random-Phase Approx. (FRPA) 

•   Gorkov SC-Green’s function (for open shells) 



Phys.Rev.C63,  034313 (2001) 
Phys.Rev.C65,  064313 (2002) 
Phys.Rev.A76, 052503 (2007) 

Faddeev-‐RPA	

Par.cle	  vibra.on	  coupling	  is	  the	  main	  cause	  driving	  the	  distribu.on	  of	  
par.cle	  strength	  	  	

Finite	  Systems	  (&	  nuclei)	  are	  special,	  they	  require	  	  
all	  types	  of	  par.cle-‐vibra.on	  coupling:	  

 	  pairing	  effects,	  two-‐nucleon	  transfer	  
 	  collec.ve	  mo.on,	  resonances,	  Gamow-‐Teller	  

 	  interference	  among	  them	  

• 	  	  Use	  random	  phase	  approxima*on	  (RPA)	  	  to	  get	  
	  	  	  response	  func.ons	  of	  vibra.ons	  (	  gII(ω)	  ,	  Π(ph)(ω))	  

• 	  Use	  Faddeev’s	  equa.on	  to	  couple	  them	  



[CB, Dickhoff, Phys Rev. C68, 014311 (2003) 
CB,  Langanke et al., Phys Rev. C77, 024304 (2008)] 

[CB, Jennings, Nucl. Phys A758, 395c (2005) 
Phys Rev. C72, 014613 (2005)] 

[CB .Dickhoff, Phys. Rev. C65, 064313 (2002) 
CB, Van Neck, AIP Conf.Proc.1120, 104 (2009)  - Atomic Phys.	  
CB, Hjorth-Jensen, Phys. Rev. C79, 064313 (2009) 
CB, Phys. Rev. Lett. 103, 202502 (2009)] 

gII(ω)	

pp/hh-RPA; two-nucleon transfer	

Π(ph)(ω)	

ph-RPA; nuclear response function, 
giant/pygmy resonances, Gamow-Teller 

optical potential 

Dyson 
Eq.	

single-particle motion	

S(r,ω)	
Faddeev-RPA	

Faddeev-RPA is a many-body method: 
 random phase approx. (RPA) for collective vibrations 
 Faddeev eqs. for particle-vibration coupling  

[CB, et al., Phys. Rev. A76, 052503 (2007)] 

[CB, Giusti et al., Phys Rev. C70, 014606 (2004) 
Middleton, CB, et al., EPJA 43, 137 (2010)]	



FRPA/sc0 FRPA/sc	 Exact: 
Vlow-k: -29.00(2) -29.2 ±0.15	 -29.19(5)   (Fadd.-Yak.) 

self-consistency in the 
mean field only  

[C. B., arXiv:0909.0336; to be submitted] 

estimates from different approx. to 
self-consistency -- preliminary 

 Self-consistent FRPA compares well with 
benchmark calculations on 4He 

[Nogga et al.,  Phys. Rev. C70, 061002 (2004)	



[FaddRPA, preliminary] 
Coupled-Cluster benchmark, 
G. Hagen et al, Phys. Rev. C76, 044305 (‘07) 

R(2p1h) Σ(ω) = R(2h1p) 



Dyson 1st order (HF) Gorkov 1st order (HFB)

Dyson 2nd order Gorkov 2nd order

Static pairing

Fragmenta.on	  

Dynamical fluctuations
!
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Optical Potentials Based on the 
Nuclear Self-energy 
(CB, Jennings,   and    Waldecker, CB, Dickhoff)	  

•  Proton-16O scattering 
[CB, B. Jennings, Phys. Rev. C72, 014613 (2005)]!

•  Optical model for the ACa chain  
[S. Waldecker, CB, W. Dickhoff, arXiv:1105.4257]!
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retained. To do this the MF self-energy of Ref. [16] was split
in two parts:

!MF,Box
lj (k, k!) = !MF,Box

0,lj (k, k!) + !MF,Box
1,lj (k, k!), (2)

where !MF,Box
0 is the projection onto P and !MF,Box

1 acts
on the excluded space. Two approximations were considered
depending on which MF component to employ insideP . In the
first case (I), !MF,Box

1 was added to Eq. (1a). In doing this, we
note that the G matrix used to compute !MF,Fadd accounts for
the extra binding due to the degrees of freedom of the excluded
space. Since these are reinserted explicitly by !MF,Box

1 , one
should also rescale !MF,Fadd appropriately by a constant, NI .
The second choice (II) consisted of employing both parts of
Eq. (2). Also in this case we kept the possibility of tuning
the depth of the potential. The complete MF contributions
employed in this work are

!MF,I
lj (k, k!) = NI

lj !MF,Fadd
lj (k, k!) + !MF,Box

1,lj (k, k!),
(3a)

!MF,I I
lj (k, k!) = NII

lj !MF,Box
lj (k, k!), (3b)

where the constants NI
lj and NII

lj depend of the specific channel
and will be discussed below. The full self-energy employed in
the calculations is (see Fig. 1)

!
",I (II )
lj (k, k!; #) = !

MF,I (II )
lj (k, k!) + !

(2p1h),Fadd
lj (k, k!; #)

+!
(2h1p),Fadd
lj (k, k!; #). (4)

The Dyson equation can be expressed in a Schrödinger-like
form, where the self-energy takes the place of a nonlocal and
energy dependent optical potential [h̄ = c = 1 and µ is the
reduced mass]

k2

2µ
$(k) +

! "

0
dk!k!2"!"

lj (k, k!; Ec.m.) + V l
Coul.(k, k!)

#
$(k!)

= Ec.m. $(k), (5)

where V l
Coul.(k, k!) in the Coulomb interaction corresponding

to a uniformly charged sphere of radius Rc = 3.1 fm. This was
added to account for the electromagnetic interaction missing
in the calculations of Refs. [14,16]. Due to the nonlocal
character of !", Eq. (5) is conveniently solved in momentum
space. In doing this, the long distance part of the Coulomb
potential was solved using the Kwon-Tabakin-Lande [22]
procedure for bound states and the Vincent-Phatak [23] one for
scattering.

Above the Fermi level the eigenvalues of Eq. (5) are related
to the spectrum of 17F by En

c.m. = E
17F
n # E

16O
g.s. . Thus, Ec.m. > 0

describes the scattering of protons from 16O while the bound
solutions are the overlaps of the ground state of 16O with
the corresponding bound states 17F. Analogously, below the
Fermi level En

c.m. = E
16O
g.s. # E

15N
n and the eigenstates represent

the overlaps with 15N. The Dyson equation implies that the
bound solutions of Eq. (5) have to be normalized to their
spectroscopic factor according to

Zn
lj =

! "

0
dk k2|$n(k)|2 =

$

1 # $$̃n|
d!"

lj

d#
|$̃n%

%%%%
#=En

c.m.

&#1

,

(6)

where $̃n(k) is the solution itself normalized to unity and En
c.m.

is the corresponding eigenvalue. The asympotic normalization
for the unbound solutions is related in the usual way to the flux
of incoming particles.

III. RESULTS

Equations (3) and (4) include the relevant physics from
both the calculations of Refs. [14] and [16]. This self-energy
represents a model for the optical potential that acts on
the full ph Hilbert space and can give sensible predic-
tions near the Fermi level. However, the two-body realistic
interactions alone, as used in these works, cannot reproduce
the experimental binding energies and spin-orbit splitting
for nuclei with A ! 3 [24,25]. To obtain these, relativistic
effects or three-body forces are required [26]. In this work
!" was constrained to reproduce the experimental spectrum
in two ways. First, the constants NI

lj and NII
lj that affect the

depth of the optical potential were chosen to reproduce the
corresponding quasiparticle energies. These are the s1/2 and
d5/2 bound states of 17F, its d3/2 resonance and the p1/2 and
p3/2 hole states of 15N. Second, complex resonances that do
not have a mean field character are generated by the dynamic
part of the self-energy. At low energy, most of these couple
to only one pole %i± in Eqs. (1b) and (1c). Therefore, we
have fitted those poles that could be identified with specific
resonances of the A + 1 system (17F) by imposing that Eq. (5)
yields the corresponding experimental energies. We note that
a similar approach was already employed in Ref. [14]. This
is necessary for the particular case of 16O due to the strong
coupling between the single particle spectrum and collective
motions, which suggest the need for an improved description
of the low-energy structure of this nucleus [12] and more
attractive effective interactions [27]. Although, satisfactory
results can already be obtained in similar calculations for
heavier nuclei [28–30].

The influence of this fitting procedure on the results is
discussed in the following. After calibrating Eqs. (1) and (3)
to the spectra of 17F and 15N, the results for the scattering
phase shifts and the bound single particle wave functions are
a prediction of the model.

A. Parameter dependence

To discuss the influence of the different contributions to
Eq. (3), the phase shifts for proton scattering have been
computed employing different truncations of the mean field
self-energy !MF,I . The results are shown in Fig. 3 for three
partial waves. The dotted lines were obtained by retaining
only the original contribution to the self-energy of Ref. [14].
Thus, neglecting !MF,Box

1 in Eq. (3a) and setting NI
lj = 1 for

all cases. The results obtained by constraining these constants
to generate the proper quasiparticle energies is given by the
dashed lines. The full line shows the full results form Eq. (3a),
obtained by including also the !MF,Box

1 term and refitting the
NI

lj . The values for the quasiparticle energies and the constants
NI

lj used are given in Table I.
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The Dyson equation can be expressed in a Schrödinger-like
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reduced mass]
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to a uniformly charged sphere of radius Rc = 3.1 fm. This was
added to account for the electromagnetic interaction missing
in the calculations of Refs. [14,16]. Due to the nonlocal
character of !", Eq. (5) is conveniently solved in momentum
space. In doing this, the long distance part of the Coulomb
potential was solved using the Kwon-Tabakin-Lande [22]
procedure for bound states and the Vincent-Phatak [23] one for
scattering.

Above the Fermi level the eigenvalues of Eq. (5) are related
to the spectrum of 17F by En

c.m. = E
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g.s. . Thus, Ec.m. > 0

describes the scattering of protons from 16O while the bound
solutions are the overlaps of the ground state of 16O with
the corresponding bound states 17F. Analogously, below the
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where $̃n(k) is the solution itself normalized to unity and En
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is the corresponding eigenvalue. The asympotic normalization
for the unbound solutions is related in the usual way to the flux
of incoming particles.

III. RESULTS

Equations (3) and (4) include the relevant physics from
both the calculations of Refs. [14] and [16]. This self-energy
represents a model for the optical potential that acts on
the full ph Hilbert space and can give sensible predic-
tions near the Fermi level. However, the two-body realistic
interactions alone, as used in these works, cannot reproduce
the experimental binding energies and spin-orbit splitting
for nuclei with A ! 3 [24,25]. To obtain these, relativistic
effects or three-body forces are required [26]. In this work
!" was constrained to reproduce the experimental spectrum
in two ways. First, the constants NI
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lj that affect the

depth of the optical potential were chosen to reproduce the
corresponding quasiparticle energies. These are the s1/2 and
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not have a mean field character are generated by the dynamic
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to only one pole %i± in Eqs. (1b) and (1c). Therefore, we
have fitted those poles that could be identified with specific
resonances of the A + 1 system (17F) by imposing that Eq. (5)
yields the corresponding experimental energies. We note that
a similar approach was already employed in Ref. [14]. This
is necessary for the particular case of 16O due to the strong
coupling between the single particle spectrum and collective
motions, which suggest the need for an improved description
of the low-energy structure of this nucleus [12] and more
attractive effective interactions [27]. Although, satisfactory
results can already be obtained in similar calculations for
heavier nuclei [28–30].

The influence of this fitting procedure on the results is
discussed in the following. After calibrating Eqs. (1) and (3)
to the spectra of 17F and 15N, the results for the scattering
phase shifts and the bound single particle wave functions are
a prediction of the model.

A. Parameter dependence

To discuss the influence of the different contributions to
Eq. (3), the phase shifts for proton scattering have been
computed employing different truncations of the mean field
self-energy !MF,I . The results are shown in Fig. 3 for three
partial waves. The dotted lines were obtained by retaining
only the original contribution to the self-energy of Ref. [14].
Thus, neglecting !MF,Box
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*! (2p1h)R (2h1p)R= + +

FIG. 1. (Color online) Feynman diagrams representation of the
self energy. The first diagram on the right-hand side represents the
Hartree-Fock–like contribution to the mean field. The remaining ones
describe core polarization effects in the particle (2p1h) and hole
(2h1p) part of the spectrum.

diagrammatically in Fig. 1. There, the double lines represent
the exact one-body Green’s function, which contains complete
information on the particle and hole spectral distributions.
The first diagram on the right-hand side is the direct ex-
tension of the Hartree-Fock potential to include the effects
of the fragmentation of strength and represents the nuclear
mean-field (MF) in the presence of correlations. The remaining
contributions split naturally in diagrams containing at least
two-particle–one-hole (2p1h), describing the system of A + 1
particles, or two-hole–one-particle (2h1p), corresponding to
A ! 1 particles. The irreducible propagators R(2p1h) and R(2h1p)

account for the core polarization contributions to the optical
potential in the particle and hole spaces, respectively [9]. The
separation of Fig. 1 is exact. In Refs. [11,14], R(2p1h) and R(2h1p)

were computed employing a Faddeev expansion that permits
the direct coupling of the single-particle motion to collective
excitations of the core. These were evaluated in the dressed
random phase approximation (DRPA) [18]. The example of
a diagram that contributes to R(2p1h) is given in Fig. 2. Since
this expansion is based on the fully fragmented single particle
propagator —which is generated from the self-energy itself—
a self-consistent solution is required.

The nuclear self-energy computed in Ref. [14] was obtained
within a model space P corresponding to the harmonic
oscillator wave functions for all orbitals up to the pf shell plus
the g9/2. A parameter b = 1.76 fm was employed. This space

(pp)"

(ph)#

(ph)#

FIG. 2. (Color online) Example of a diagrammatic contribution
included in the Faddeev expansion for R(2p1h) (see Fig. 1). A
quasiparticle is coupled to the response function !(ph) that describes
the target nucleus. It can also participate in pairing processes, which
are accounted for by the two-body propagator gII,(pp).

appears to be large enough to describe the influence of the low
energy (long-range) excitations on nuclear fragmentation [12].
However, it requires a proper extension for applications to
single particle scattering, as it will be discussed below. The
effect of correlations outside this model space were accounted
for by employing a G matrix as an effective interaction,
which was derived from the Bonn-C potential [19] according
to Ref. [20]. The computation of the G matrix for positive
energies is an outstanding problem which was not attempted
there. Therefore, we employed a fixed starting energy of
!5 MeV in the present work, as the closest reliable choice
to the continuum.

At low energies the optical potential is well approximated
by a real interaction and R(2p1h) and R(2h1p) can be expressed
as discrete sums of poles. Thus, for each given partial wave,
lj, the contributions depicted in Fig. 1 can be expressed as
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where %#(r) are the harmonic oscillator radial functions refer-
ring to single particle quantum numbers # = {n#, l#, j#,m#}
[38], the first sum runs over all the orbits belonging to the
model space and l#j# = l$j$ = lj since 16O has a 0+ isoscalar
ground state.

The superscript “Fadd” indicates that Eqs. (1) represent
the results of Ref. [14]. This is the most sophisticated
calculation available to date for the self-energy at low-energies
that account for the coupling between single nucleons and
collective excitations. However, the expansion over a few
harmonic oscillator states is not optimal for describing the
details of the nuclear surface. Analogously, it misses part of
the large momentum components in the optical potential. This
is particularly critical for the MF component, which describes
the background of the phase shifts. On the contrary, the same
nucleus was studied in Ref. [16] employing a spherical box
basis that includes all the relevant momentum components. An
effective G matrix, derived for nuclear matter and the Bonn-B
potential [19], accounted for the binding due to short-range
and tensor correlations. The self-energy, computed only to
second order in the perturbation series, neglected most of the
collective effects. This approach was applied to obtain the
quasihole wave functions associated to the p states occupied
in 16O, with sufficiently accurate results to describe the shapes
of the (e, e"p) cross sections to those states [21].

In this work, we chose to employ a mixed representation
of the self-energy in which the MF components missing in the
space P were extracted from Ref. [16], while the contributions
beyond MF computed in Ref. [14] [Eqs. (1b) and (1c)] were
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FIG. 1. (Color online) Feynman diagrams representation of the
self energy. The first diagram on the right-hand side represents the
Hartree-Fock–like contribution to the mean field. The remaining ones
describe core polarization effects in the particle (2p1h) and hole
(2h1p) part of the spectrum.

diagrammatically in Fig. 1. There, the double lines represent
the exact one-body Green’s function, which contains complete
information on the particle and hole spectral distributions.
The first diagram on the right-hand side is the direct ex-
tension of the Hartree-Fock potential to include the effects
of the fragmentation of strength and represents the nuclear
mean-field (MF) in the presence of correlations. The remaining
contributions split naturally in diagrams containing at least
two-particle–one-hole (2p1h), describing the system of A + 1
particles, or two-hole–one-particle (2h1p), corresponding to
A ! 1 particles. The irreducible propagators R(2p1h) and R(2h1p)

account for the core polarization contributions to the optical
potential in the particle and hole spaces, respectively [9]. The
separation of Fig. 1 is exact. In Refs. [11,14], R(2p1h) and R(2h1p)

were computed employing a Faddeev expansion that permits
the direct coupling of the single-particle motion to collective
excitations of the core. These were evaluated in the dressed
random phase approximation (DRPA) [18]. The example of
a diagram that contributes to R(2p1h) is given in Fig. 2. Since
this expansion is based on the fully fragmented single particle
propagator —which is generated from the self-energy itself—
a self-consistent solution is required.

The nuclear self-energy computed in Ref. [14] was obtained
within a model space P corresponding to the harmonic
oscillator wave functions for all orbitals up to the pf shell plus
the g9/2. A parameter b = 1.76 fm was employed. This space
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FIG. 2. (Color online) Example of a diagrammatic contribution
included in the Faddeev expansion for R(2p1h) (see Fig. 1). A
quasiparticle is coupled to the response function !(ph) that describes
the target nucleus. It can also participate in pairing processes, which
are accounted for by the two-body propagator gII,(pp).

appears to be large enough to describe the influence of the low
energy (long-range) excitations on nuclear fragmentation [12].
However, it requires a proper extension for applications to
single particle scattering, as it will be discussed below. The
effect of correlations outside this model space were accounted
for by employing a G matrix as an effective interaction,
which was derived from the Bonn-C potential [19] according
to Ref. [20]. The computation of the G matrix for positive
energies is an outstanding problem which was not attempted
there. Therefore, we employed a fixed starting energy of
!5 MeV in the present work, as the closest reliable choice
to the continuum.

At low energies the optical potential is well approximated
by a real interaction and R(2p1h) and R(2h1p) can be expressed
as discrete sums of poles. Thus, for each given partial wave,
lj, the contributions depicted in Fig. 1 can be expressed as
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where %#(r) are the harmonic oscillator radial functions refer-
ring to single particle quantum numbers # = {n#, l#, j#,m#}
[38], the first sum runs over all the orbits belonging to the
model space and l#j# = l$j$ = lj since 16O has a 0+ isoscalar
ground state.

The superscript “Fadd” indicates that Eqs. (1) represent
the results of Ref. [14]. This is the most sophisticated
calculation available to date for the self-energy at low-energies
that account for the coupling between single nucleons and
collective excitations. However, the expansion over a few
harmonic oscillator states is not optimal for describing the
details of the nuclear surface. Analogously, it misses part of
the large momentum components in the optical potential. This
is particularly critical for the MF component, which describes
the background of the phase shifts. On the contrary, the same
nucleus was studied in Ref. [16] employing a spherical box
basis that includes all the relevant momentum components. An
effective G matrix, derived for nuclear matter and the Bonn-B
potential [19], accounted for the binding due to short-range
and tensor correlations. The self-energy, computed only to
second order in the perturbation series, neglected most of the
collective effects. This approach was applied to obtain the
quasihole wave functions associated to the p states occupied
in 16O, with sufficiently accurate results to describe the shapes
of the (e, e"p) cross sections to those states [21].

In this work, we chose to employ a mixed representation
of the self-energy in which the MF components missing in the
space P were extracted from Ref. [16], while the contributions
beyond MF computed in Ref. [14] [Eqs. (1b) and (1c)] were
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FIG. 1. (Color online) Feynman diagrams representation of the
self energy. The first diagram on the right-hand side represents the
Hartree-Fock–like contribution to the mean field. The remaining ones
describe core polarization effects in the particle (2p1h) and hole
(2h1p) part of the spectrum.

diagrammatically in Fig. 1. There, the double lines represent
the exact one-body Green’s function, which contains complete
information on the particle and hole spectral distributions.
The first diagram on the right-hand side is the direct ex-
tension of the Hartree-Fock potential to include the effects
of the fragmentation of strength and represents the nuclear
mean-field (MF) in the presence of correlations. The remaining
contributions split naturally in diagrams containing at least
two-particle–one-hole (2p1h), describing the system of A + 1
particles, or two-hole–one-particle (2h1p), corresponding to
A ! 1 particles. The irreducible propagators R(2p1h) and R(2h1p)

account for the core polarization contributions to the optical
potential in the particle and hole spaces, respectively [9]. The
separation of Fig. 1 is exact. In Refs. [11,14], R(2p1h) and R(2h1p)

were computed employing a Faddeev expansion that permits
the direct coupling of the single-particle motion to collective
excitations of the core. These were evaluated in the dressed
random phase approximation (DRPA) [18]. The example of
a diagram that contributes to R(2p1h) is given in Fig. 2. Since
this expansion is based on the fully fragmented single particle
propagator —which is generated from the self-energy itself—
a self-consistent solution is required.

The nuclear self-energy computed in Ref. [14] was obtained
within a model space P corresponding to the harmonic
oscillator wave functions for all orbitals up to the pf shell plus
the g9/2. A parameter b = 1.76 fm was employed. This space
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FIG. 2. (Color online) Example of a diagrammatic contribution
included in the Faddeev expansion for R(2p1h) (see Fig. 1). A
quasiparticle is coupled to the response function !(ph) that describes
the target nucleus. It can also participate in pairing processes, which
are accounted for by the two-body propagator gII,(pp).

appears to be large enough to describe the influence of the low
energy (long-range) excitations on nuclear fragmentation [12].
However, it requires a proper extension for applications to
single particle scattering, as it will be discussed below. The
effect of correlations outside this model space were accounted
for by employing a G matrix as an effective interaction,
which was derived from the Bonn-C potential [19] according
to Ref. [20]. The computation of the G matrix for positive
energies is an outstanding problem which was not attempted
there. Therefore, we employed a fixed starting energy of
!5 MeV in the present work, as the closest reliable choice
to the continuum.

At low energies the optical potential is well approximated
by a real interaction and R(2p1h) and R(2h1p) can be expressed
as discrete sums of poles. Thus, for each given partial wave,
lj, the contributions depicted in Fig. 1 can be expressed as
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where %#(r) are the harmonic oscillator radial functions refer-
ring to single particle quantum numbers # = {n#, l#, j#,m#}
[38], the first sum runs over all the orbits belonging to the
model space and l#j# = l$j$ = lj since 16O has a 0+ isoscalar
ground state.

The superscript “Fadd” indicates that Eqs. (1) represent
the results of Ref. [14]. This is the most sophisticated
calculation available to date for the self-energy at low-energies
that account for the coupling between single nucleons and
collective excitations. However, the expansion over a few
harmonic oscillator states is not optimal for describing the
details of the nuclear surface. Analogously, it misses part of
the large momentum components in the optical potential. This
is particularly critical for the MF component, which describes
the background of the phase shifts. On the contrary, the same
nucleus was studied in Ref. [16] employing a spherical box
basis that includes all the relevant momentum components. An
effective G matrix, derived for nuclear matter and the Bonn-B
potential [19], accounted for the binding due to short-range
and tensor correlations. The self-energy, computed only to
second order in the perturbation series, neglected most of the
collective effects. This approach was applied to obtain the
quasihole wave functions associated to the p states occupied
in 16O, with sufficiently accurate results to describe the shapes
of the (e, e"p) cross sections to those states [21].

In this work, we chose to employ a mixed representation
of the self-energy in which the MF components missing in the
space P were extracted from Ref. [16], while the contributions
beyond MF computed in Ref. [14] [Eqs. (1b) and (1c)] were
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retained. To do this the MF self-energy of Ref. [16] was split
in two parts:

!MF,Box
lj (k, k!) = !MF,Box

0,lj (k, k!) + !MF,Box
1,lj (k, k!), (2)

where !MF,Box
0 is the projection onto P and !MF,Box

1 acts
on the excluded space. Two approximations were considered
depending on which MF component to employ insideP . In the
first case (I), !MF,Box

1 was added to Eq. (1a). In doing this, we
note that the G matrix used to compute !MF,Fadd accounts for
the extra binding due to the degrees of freedom of the excluded
space. Since these are reinserted explicitly by !MF,Box

1 , one
should also rescale !MF,Fadd appropriately by a constant, NI .
The second choice (II) consisted of employing both parts of
Eq. (2). Also in this case we kept the possibility of tuning
the depth of the potential. The complete MF contributions
employed in this work are

!MF,I
lj (k, k!) = NI

lj !MF,Fadd
lj (k, k!) + !MF,Box

1,lj (k, k!),
(3a)

!MF,I I
lj (k, k!) = NII

lj !MF,Box
lj (k, k!), (3b)

where the constants NI
lj and NII

lj depend of the specific channel
and will be discussed below. The full self-energy employed in
the calculations is (see Fig. 1)

!
",I (II )
lj (k, k!; #) = !

MF,I (II )
lj (k, k!) + !

(2p1h),Fadd
lj (k, k!; #)

+!
(2h1p),Fadd
lj (k, k!; #). (4)

The Dyson equation can be expressed in a Schrödinger-like
form, where the self-energy takes the place of a nonlocal and
energy dependent optical potential [h̄ = c = 1 and µ is the
reduced mass]

k2

2µ
$(k) +

! "

0
dk!k!2"!"

lj (k, k!; Ec.m.) + V l
Coul.(k, k!)

#
$(k!)

= Ec.m. $(k), (5)

where V l
Coul.(k, k!) in the Coulomb interaction corresponding

to a uniformly charged sphere of radius Rc = 3.1 fm. This was
added to account for the electromagnetic interaction missing
in the calculations of Refs. [14,16]. Due to the nonlocal
character of !", Eq. (5) is conveniently solved in momentum
space. In doing this, the long distance part of the Coulomb
potential was solved using the Kwon-Tabakin-Lande [22]
procedure for bound states and the Vincent-Phatak [23] one for
scattering.

Above the Fermi level the eigenvalues of Eq. (5) are related
to the spectrum of 17F by En

c.m. = E
17F
n # E

16O
g.s. . Thus, Ec.m. > 0

describes the scattering of protons from 16O while the bound
solutions are the overlaps of the ground state of 16O with
the corresponding bound states 17F. Analogously, below the
Fermi level En

c.m. = E
16O
g.s. # E

15N
n and the eigenstates represent

the overlaps with 15N. The Dyson equation implies that the
bound solutions of Eq. (5) have to be normalized to their
spectroscopic factor according to

Zn
lj =

! "

0
dk k2|$n(k)|2 =

$

1 # $$̃n|
d!"

lj

d#
|$̃n%

%%%%
#=En

c.m.

&#1

,

(6)

where $̃n(k) is the solution itself normalized to unity and En
c.m.

is the corresponding eigenvalue. The asympotic normalization
for the unbound solutions is related in the usual way to the flux
of incoming particles.

III. RESULTS

Equations (3) and (4) include the relevant physics from
both the calculations of Refs. [14] and [16]. This self-energy
represents a model for the optical potential that acts on
the full ph Hilbert space and can give sensible predic-
tions near the Fermi level. However, the two-body realistic
interactions alone, as used in these works, cannot reproduce
the experimental binding energies and spin-orbit splitting
for nuclei with A ! 3 [24,25]. To obtain these, relativistic
effects or three-body forces are required [26]. In this work
!" was constrained to reproduce the experimental spectrum
in two ways. First, the constants NI

lj and NII
lj that affect the

depth of the optical potential were chosen to reproduce the
corresponding quasiparticle energies. These are the s1/2 and
d5/2 bound states of 17F, its d3/2 resonance and the p1/2 and
p3/2 hole states of 15N. Second, complex resonances that do
not have a mean field character are generated by the dynamic
part of the self-energy. At low energy, most of these couple
to only one pole %i± in Eqs. (1b) and (1c). Therefore, we
have fitted those poles that could be identified with specific
resonances of the A + 1 system (17F) by imposing that Eq. (5)
yields the corresponding experimental energies. We note that
a similar approach was already employed in Ref. [14]. This
is necessary for the particular case of 16O due to the strong
coupling between the single particle spectrum and collective
motions, which suggest the need for an improved description
of the low-energy structure of this nucleus [12] and more
attractive effective interactions [27]. Although, satisfactory
results can already be obtained in similar calculations for
heavier nuclei [28–30].

The influence of this fitting procedure on the results is
discussed in the following. After calibrating Eqs. (1) and (3)
to the spectra of 17F and 15N, the results for the scattering
phase shifts and the bound single particle wave functions are
a prediction of the model.

A. Parameter dependence

To discuss the influence of the different contributions to
Eq. (3), the phase shifts for proton scattering have been
computed employing different truncations of the mean field
self-energy !MF,I . The results are shown in Fig. 3 for three
partial waves. The dotted lines were obtained by retaining
only the original contribution to the self-energy of Ref. [14].
Thus, neglecting !MF,Box

1 in Eq. (3a) and setting NI
lj = 1 for

all cases. The results obtained by constraining these constants
to generate the proper quasiparticle energies is given by the
dashed lines. The full line shows the full results form Eq. (3a),
obtained by including also the !MF,Box

1 term and refitting the
NI

lj . The values for the quasiparticle energies and the constants
NI

lj used are given in Table I.
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FIG. 3. (Color online) Phase shifts obtained from the self-
consistent self-energy of Ref. [14] [Eq. (1)] before (dotted lines)
and after (dashed lines) correcting the depth of !MF,Fadd to reproduce
the quasiparticle (and quasihole) energies. The full lines are obtained
also when the momentum components outside the model space P
are included, Eq. (3a). The s1/2, d3/2, and p3/2 partial waves are
shown. For p3/2, the dot-dashed line was obtained by fitting NI

p3/2

to reproduce the background phase shifts rater than the quasihole
energy. The values of the corrections NI

lj are reported in Table I. The
experimental results are from Refs. [31] (crosses) and [32] (circles).

The background contribution to the phase shifts of the
s1/2 partial wave is described correctly by !MF,Fadd but not
the energy of the bound state. Vice versa, it is possible to
constrain the depth of the potential to reproduce the latter
but the agreement with the experimental phase shifts is

TABLE I. Corrections applied to the depth of the MF potential
!MF,I [Eq. (3a)] and quasiparticle energies obtained in the
calculations of Fig. 3.

lj !MF,Fadd !MF,Fadd !",I E
exp
c.m. (MeV)

Elj
c.m. (MeV)a NI

lj
b NI

lj
b

s1/2 !3.57 0.69 1.05 !0.1
d3/2 1.87 0.72 1.08 4.4
p3/2 !16.61 1.06 1.07 !18.5

0.95 (E
p3/2
c.m. = !15.1)

aNI
lj = 1.

bElj
c.m. " E

exp
c.m., except when specified.

lost. However, both quantities are reproduced if !MF,Box
1 is

included. In this case the correction required in the depth
of the potential, NI

S1/2
= 1.05, is less significant than when

only !MF,Fadd is included. A similar trend is seen for the
d3/2 channel. Reproducing the energy of the single particle
resonance with !MF,Fadd alone requires a sizable change in its
depth, while the observed phase shifts are obtained only after
including the components outside the space P . We observe
that the expansion of Eq. (1) includes only one harmonic
oscillator function for the d3/2 wave and two for s1/2. With
such a restricted space, it is remarkable that the resulting
background phase shifts are still obtained somewhat close to
the experiment.

A different behavior is found for the l = 1 partial waves.
The results for p3/2 are shown in Fig. 3 (the p1/2 case
is analogous). In this case !MF,Fadd produces a spurious
resonance at #1 MeV that is not seen experimentally. Fitting
the potential’s depth to constrain the quasihole energies of 15N
generates a more attractive well, thus worsening the situation.
The phase shifts improve upon introducing !MF,Box

1 (full line)
but still show a rise of the background with the c.m. energy,
while the experimental results are practically constant. A
proper choice of NI

p3/2
(and NI

p1/2
) allows to reproduce the

behavior of the phase shifts at the lower energies but results in
underbinding the corresponding orbitals in 16O (see Table I).

The curves of Fig. 3 have been computed without any shift
of the #i+ poles in in Eq. (1b). This gives an idea of the
quality the energy spectra obtained adopting the interaction of
Ref. [20]. No solutions were obtained that could be interpreted
as the d3/2 resonances above 5 MeV. The s1/2 resonance at
#6 MeV was obtained as a coupling of a proton to the first
excited state of 16O. Analogously, the two lowest resonances
in both p1/2 and p3/2 can be interpreted as quasiparticles
interacting with the first isoscalar 3! and 1! levels of
16O [33].

B. Phase shifts for proton scattering

Figures 4 and 5 compare the phase shifts obtained from both
the self-energies I and II after constraining the quasiparticle
energies and resonances to their experimental values. Table II
shows the values of the constants NI

lj and NII
lj used to obtain

these results.
For the positive parity waves the background phase shifts

are described equally well by both optical potentials. The
potential !",I I can also describe the negative parity waves and
it is more accurate for the p1/2 case, for which the collective
resonances are sharper. In general, the non-MF resonances
were predicted narrower than the experiment. This is probably
related to the lack of momentum components outside the model
space P in Eqs. (1b) and (1c), which were not corrected as for
the MF part of the self-energy.

The values of NI
lj and NII

lj show that much smaller
modifications are needed to force !",I to reproduce the
quasiparticle energies. This is consistent with the more
sophisticate treatment of long-range correlations achieved in
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FIG. 4. (Color online) Phase shifts for positive parity waves
obtained from the self-energies I (dashed lines) and II (full lines). The
experimental results are from Refs. [31] (crosses) and [32] (circles).

Ref. [14]. It is worth noting that the inability to describe both
the bound energies and the scattering for the negative parity
waves is consistent with the lack of three-body forces in the
present model, which are needed to reproduce their spin-orbit
splitting. On the other hand the results with the MF potential
II reproduce reasonably well both the quasihole energies and
the phase shifts.

C. Bound overlap wave functions

The overlap wave functions associated to the bound states
of 17F are shown in Fig. 6 for the two choices of Eq. (3). The
asymptotic behavior in presence of a Coulomb field is given
by

!lj (r) !"r"# Clj

W!",l+1/2(r)
r

, (7)

where W!",l+1/2 is a Whittaker function, " the Sommerfield
parameter, and Clj the asymptotic normalization constant
(ANC). The spectroscopic factors, ANCs and root-mean-
square radii obtained are given in Table III.

The self-energy #$,I predicts larger radii and ANCs
than #$,I I , which pulls these orbitals more strongly in-
side the nucleus. At the same time both choices yield the
same spectroscopic factors, implying equal occupancies. The
depletion of these orbits is driven by the coupling to long-range
collective excitations contained in #(2p1h),Fadd and #(2h1p),Fadd.
An additional quenching is expected from short-range and
tensor correlations and was not accounted for in this work.
This has been seen to be of about 10% for bound orbitals of
several closed shell nuclei [10]. However, what the strength
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FIG. 5. (Color online) Phase shifts for negative parity waves
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of this reduction should be for loosely bound nucleons, which
can be largely localized at radii outside the nuclear surface,
has not yet been investigated.

IV. DISCUSSION

In order to include the principals physics ingredients, an
improved self-energy was constructed from those obtained by
two different calculations of the nucleus of 16O. The effects
of coupling a nucleon to collective modes were studied in
Ref. [14] but in a restricted model space. The momentum
components of the mean field potential outside this space
were instead extracted from Ref. [16]. Since these calculations

TABLE II. Corrections applied to the depth of the MF
potentials I and II [Eq. (3)] for the calculation of Figs. 4
and 5.

lj #$,I #$,I I E
exp
c.m. (MeV)

NI
lj

a NII
lj

a

d3/2 1.08 1.24 4.4
s1/2 1.05 1.24 !0.1
d5/2 1.16 1.29 !0.6
p1/2 1.06 1.15 !12.1
p3/2 1.07 1.25 !18.5

aElj
c.m. $ E

exp
c.m., except when specified.
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are based on realistic two-body internucleon reactions, the
energy spectra cannot be accurately reproduced. Therefore, the
model has to be constrained phenomenologically to reproduce
the experimental spectra of the nuclei with A ± 1 nucleons.
Resolving this situation may require the use of multinucleon
forces and more appropriate effective interactions.

The present results show that both the inclusion of all
momentum components of the particle-hole Hilbert space and
a proper treatment of long-range correlations are important
to correctly reproduce the mean field optical potential. The
coupling of single particle strength to long-range excitations is
also responsible for the creation of non-mean-field resonances.
After constraining the prediction for the single particle
energies, the phase shifts for the scattering of protons from
16O were obtained in fair agreement with the experimental
data, except for the background behavior of the of the p
waves. The difficulties for these waves are accompanied by
the issue of explaining the hole spectroscopic factors with
the same parity extracted from (e, e!p) experiments [34]. In
Ref. [14] the latter were linked to the particular structure of the
low-energy spectrum of 16O and further studies along this line

TABLE III. Spectroscopic factors, ANCs (in fm"1/2) and root-
mean-square radii (in fm) for the bound d5/2 and s1/2 orbitals of
17F.

s1/2 d5/2

Zs1/2 Cs1/2 #r2
s1/2

$1/2 Zd5/2 Cd5/2 #r2
d5/2

$1/2

!",I 0.931 "82.5 5.86 0.913 1.07 4.01
!",I I 0.921 "73.9 5.55 0.909 0.81 3.70

have been initiated in Ref. [12]. It is plausible that the required
improvements will resolve both the problems of spectroscopic
factors and scattering phase shifts. We note that similar issues
are expected to be beyond the requirements for reproducing
most heavier closed shell nuclei [28,35]. Thus, the study of 16O
can be seen as a stringent test case for the present approach.

V. CONCLUSIONS

This work investigates the possibility of describing
nucleon-nucleus scattering employing the many-body self-
energy as an optical potential. This corresponds to applying the
Feshbach projection formalism to an Hilbert space containing
both particle and hole states.

The present results are also a first attempt at computing scat-
tering processes using the many-body Green’s functions and
required to introduce specific phenomenological corrections to
reproduce the single particle spectrum. However, it is shown
that predictions for the scattering of nucleons can be obtained
working also in the particle-hole space. The present work gives
insight into the developments that will be needed to pursue
reliable microscopic calculations of the optical potential. We
feel that the overall quality of the results can be comparable
to other methods applicable at low energies [36,37], when
the missing ingredients that are needed to reproduce the
resonance spectrum are included. Thus, SCGF theory could be
considered a valid candidate for the study of selected reactions
at astrophysical energies.

ACKNOWLEDGMENTS

It is a pleasure to acknowledge several useful discussions
with J.-M. Sparenberg and W. H. Dickhoff. We also thank
Professor Dickhoff for providing his results form Ref. [16].
We thank the Institute for Nuclear Theory at the University of
Washington for its hospitality during the initial writing of the
manuscript. This work was supported by the Natural Sciences
and Engineering Research Council of Canada (NSERC).

[1] Feshbach, Ann. Phys. (NY) 5, 357 (1958); 19, 287 (1962).
[2] R. G. Lovas, R. J. Liotta, A. Insolia, K. Varga, and D. S. Delion,

Phys. Rep. 294, 265 (1998).
[3] K. Amos, P. J. Dortmans, H. V. von Geramb, S. Karataglidis,

and J. Raynal, Adv. Nucl. Phys. 22, 275 (2000).

[4] J. Oko!owicz, M. P!oszajczak, and I. Rotter, Phys. Rep. 374, 271
(2003).

[5] F. Capuzzi and C. Mahaux, Ann. Phys. (NY) 245, 147 (1996).
[6] J. Escher and B. K. Jennings, Phys. Rev. C 66, 034313

(2002).

014613-6

C. BARBIERI AND B. K. JENNINGS PHYSICAL REVIEW C 72, 014613 (2005)

1086420 12 14 16

r [fm]

0

0.2

0.4

0.6

-0.4

-0.2

0

0.2

r*
!

(r
) [

fm
-1

/2
]

" ,I

" ,II

d5/2 partial wave

s1/2 partial wave

FIG. 6. (Color online) Radial part of the overlap wave functions
between 16O and the bound d5/2 and s1/2 states of 17F.

are based on realistic two-body internucleon reactions, the
energy spectra cannot be accurately reproduced. Therefore, the
model has to be constrained phenomenologically to reproduce
the experimental spectra of the nuclei with A ± 1 nucleons.
Resolving this situation may require the use of multinucleon
forces and more appropriate effective interactions.

The present results show that both the inclusion of all
momentum components of the particle-hole Hilbert space and
a proper treatment of long-range correlations are important
to correctly reproduce the mean field optical potential. The
coupling of single particle strength to long-range excitations is
also responsible for the creation of non-mean-field resonances.
After constraining the prediction for the single particle
energies, the phase shifts for the scattering of protons from
16O were obtained in fair agreement with the experimental
data, except for the background behavior of the of the p
waves. The difficulties for these waves are accompanied by
the issue of explaining the hole spectroscopic factors with
the same parity extracted from (e, e!p) experiments [34]. In
Ref. [14] the latter were linked to the particular structure of the
low-energy spectrum of 16O and further studies along this line

TABLE III. Spectroscopic factors, ANCs (in fm"1/2) and root-
mean-square radii (in fm) for the bound d5/2 and s1/2 orbitals of
17F.

s1/2 d5/2

Zs1/2 Cs1/2 #r2
s1/2

$1/2 Zd5/2 Cd5/2 #r2
d5/2

$1/2

!",I 0.931 "82.5 5.86 0.913 1.07 4.01
!",I I 0.921 "73.9 5.55 0.909 0.81 3.70

have been initiated in Ref. [12]. It is plausible that the required
improvements will resolve both the problems of spectroscopic
factors and scattering phase shifts. We note that similar issues
are expected to be beyond the requirements for reproducing
most heavier closed shell nuclei [28,35]. Thus, the study of 16O
can be seen as a stringent test case for the present approach.

V. CONCLUSIONS

This work investigates the possibility of describing
nucleon-nucleus scattering employing the many-body self-
energy as an optical potential. This corresponds to applying the
Feshbach projection formalism to an Hilbert space containing
both particle and hole states.

The present results are also a first attempt at computing scat-
tering processes using the many-body Green’s functions and
required to introduce specific phenomenological corrections to
reproduce the single particle spectrum. However, it is shown
that predictions for the scattering of nucleons can be obtained
working also in the particle-hole space. The present work gives
insight into the developments that will be needed to pursue
reliable microscopic calculations of the optical potential. We
feel that the overall quality of the results can be comparable
to other methods applicable at low energies [36,37], when
the missing ingredients that are needed to reproduce the
resonance spectrum are included. Thus, SCGF theory could be
considered a valid candidate for the study of selected reactions
at astrophysical energies.

ACKNOWLEDGMENTS

It is a pleasure to acknowledge several useful discussions
with J.-M. Sparenberg and W. H. Dickhoff. We also thank
Professor Dickhoff for providing his results form Ref. [16].
We thank the Institute for Nuclear Theory at the University of
Washington for its hospitality during the initial writing of the
manuscript. This work was supported by the Natural Sciences
and Engineering Research Council of Canada (NSERC).

[1] Feshbach, Ann. Phys. (NY) 5, 357 (1958); 19, 287 (1962).
[2] R. G. Lovas, R. J. Liotta, A. Insolia, K. Varga, and D. S. Delion,

Phys. Rep. 294, 265 (1998).
[3] K. Amos, P. J. Dortmans, H. V. von Geramb, S. Karataglidis,

and J. Raynal, Adv. Nucl. Phys. 22, 275 (2000).

[4] J. Oko!owicz, M. P!oszajczak, and I. Rotter, Phys. Rep. 374, 271
(2003).

[5] F. Capuzzi and C. Mahaux, Ann. Phys. (NY) 245, 147 (1996).
[6] J. Escher and B. K. Jennings, Phys. Rev. C 66, 034313

(2002).

014613-6



•  astrophysical factor: 

• At zero energy: 

Data:	  Phys.	  Rev.	  LeE.	  79,	  3837	  (‘97)	


CB, Jennings,  
Nucl. Phys A758, 395c (2005)	  



Comparison to DOM potential, tone through volume 
integrals: 

For the local DOM          :	

[S.	  Waldecker,	  CB,	  W.	  Dickhoff]	  

N-ACa scattering 
calculated with the  
NN N3LO chiral and 
AV18 interactions 

3

while I!jmj
(!,!) represents the j-coupled angular-spin

function.
We directly calculate the harmonic-oscillator projec-

tion of the self-energy, which can be written as
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ab(E) + "̃ab(E)
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ab(E) +
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E ! "r ± i#
. (4)

The term with the tilde is the dynamic part of the self-
energy due to long-range correlations calculated in the
FRPA, and "!

ab(E) is the correlated Hartree-Fock term
which acquires an energy dependence through the en-
ergy dependence of the G-matrix e#ective interaction
(see below). "!

ab(E) is the sum of the strict correlated
Hartree-Fock diagram (which is energy independent) and
the dynamical contributions due to short-range interac-
tions outside the chosen model space. The self-energy can
be further decomposed in a central (0) and a spin-orbit
($s) part according to

"!j> = "!
0 +

$

2
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!s , (5a)

"!j< = "!
0 !

$+ 1

2
"!

!s , (5b)

with j>,< " $± 1
2 . The corresponding static terms are de-

noted by "!,!
0 and "!,!

!s , and the corresponding dynamic
terms are denoted by "̃!

0 and "̃!
!s.

The FRPA calculation employs a discrete single-
particle basis in a large model space which results in a
substantial number of poles in the self-energy (4). Since
the goal is to compare with optical potentials at positive
energy, it is appropriate to smooth out these contribu-
tions by employing a finite width for these poles. We
note that the optical potential was always intended to
represent an average smooth behavior of the nucleon self-
energy [6]. In addition, it makes physical sense to at least
partly represent the escape width of the continuum states
by this procedure. Finally, further spreading of the in-
termediate states to more complicated states (3p2h and
higher excitations that are not included in the present
calculation) can also be accounted for by this procedure.
Thus, before comparing to the DOM potentials, the dy-
namic part of the microscopic self-energy was smoothed
out using a finite, energy-dependent width for the poles
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Solving for the real and imaginary parts we obtain
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,

where, r implies a sum over both particle and hole states,
h denotes a sum over the hole states only, and p a sum
over the particle states only. For the width, the following
form was used [26]:

$(E) =
1

&

a (E ! EF )2

(E ! EF )2 ! b2

with a=12 MeV and b=22.36 MeV. This generates a nar-
row width near EF that increases as the energy moves
away from the Fermi surface, in accordance with obser-
vations.
In the DOM representation of the optical potential the

self-energy is recast in the form of a subtracted dispersion
relation

""
ab(E) = "!

ab, S + "̃ab(E)S , (8)

where [27]

"!
abS = ""

ab(EF ) , (9)

"̃ab(E)S = ""
ab(E)! ""

ab(EF ) . (10)

For the imaginary potential, this is the same as the above
defined self-energies (4) and it can therefore be directly
compared to the DOM potential. For the real parts we
will employ either the normal or the subtracted form in
the following as appropriate.

B. Volume Integrals

In fitting optical potentials, it is usually found that vol-
ume integrals are better constrained by the experimental
data [6, 28]. For this reason, they have been considered as
a reliable measure of the total strength of a potential. For
a non-local and $-dependent potential of the form (3) it is
convenient to consider separate integrals for each angu-
lar momentum component, "!

0(r, r
#) and "!

!s(r, r
#), which

correspond to the square brackets in Eq. (3) and decom-
posed according to (5). Labeling the central real part of
the optical potential with V , and the central imaginary
part by W , we calculate:
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We also employ the volume integral of the central real
part at the Fermi energy denoted by J!

F = J!
V (EF ), and

the corresponding averaged quantities
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In Eqs. (12), N{!} is the number of partial waves included
in the average and the sum runs over all values of $ except
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if otherwise indicated. We also introduce the notation
Javg
F = Javg

V (EF ).
The correspondence between the above definitions and

the volume integrals used for the (local) DOM potential
in Refs. [8, 9] can be obtained by casting a spherical local
potential U(r) into a non-local form U(r, r!) = U(r)!(r!
r
!). Expanding this in spherical harmonics gives

U(r, r!) =
!

!m

U !(r, r!)Y "
!m(!!)Y!m(!) , (13)

with the "-projection

U !(r, r!) =
U(r)

r2
!(r ! r!) , (14)

which is actually angular-momentum independent. The
definition (11) for the volume integrals lead to
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dr r2
"

dr!r!2U !(r, r!) (15)

= 4#

"

U(r)r2dr =

"

U(r) dr , for any "

and reduces to the usual definition of volume integral for
local potentials. Thus, Eqs. (11) and (12) can be directly
compared to the corresponding integrals determined in
previous studies of the DOM.

C. Ingredients of the Faddeev-random-phase
approximation

The self-energy is shown in terms of Feynman diagrams
in Fig. 1. The calculations are carried out in two steps
by following the same procedure as in Ref. [17], where
further details can be found. First, a configuration space
is selected that should be as large as possible to account
for the treatment of nuclear collective motion. We then
account for the short-range part of a realistic NN interac-
tion by directly calculating the two-body scattering for
nucleons that propagate outside the model space. The
result is the so-called G-matrix that must be employed
as an energy-dependent e"ective interaction inside the
chosen space. The contribution from ladder diagrams
from outside the model space are also added to the cal-
culated self-energy and result in an energy-dependent

+!= +!*
(2h1p)(2p1h)R R

FIG. 1. The self-energy !!(E) separates exactly into a
static (mean-field) term, !!, and the polarization propaga-
tors R(2p1h/2h1p)(E) for the 2p1h/2h1p motion. These R(E)
are expanded in terms of particle-vibration couplings as de-
picted below in Fig. 3.

...

= ++ ...++

+ + +

(ph)"

FIG. 2. Expansion of the ph propagator "(E) in a series
of ring diagrams. The second line gives examples of time-
inversion patterns that are generated by the RPA. A similar
expansion, in terms of ladders diagrams, applies to gII(E).
The diagrams are time ordered, with time propagating up-
ward.

correction to ##
ab [see Eq. (4)]. When the correspond-

ing self-energy is calculated, this energy dependence en-
hances the reduction of the spectroscopic strength of oc-
cupied orbits by about 10%. A similar depletion is also
obtained in nuclear-matter calculations with realistic in-
teractions [11] and confirmed by high-energy electron
scattering data [29, 30]. The details of this partition-
ing procedure are presented in Ref. [17]. For the present
discussion, it should be clear that this corresponds to cal-
culating separately the contribution of propagators that
lie outside the model space and then to add it to the final
FRPA results. This does not introduce phenomenologi-
cal parameters and the calculation should be regarded as
a microscopic study based only on the original realistic
interaction.
In addition to the influence of short-range (and tensor)

correlations, it is essential to consider the role of long-
range correlations in which nucleons couple to low-lying
collective states and giant resonances. This is calculated
in the second step inside the model space by employing
the FRPA method. The physics content of the FRPA
is better summarized by looking at its diagrammatic ex-
pansion illustrated in Figs. 2 and 3. The basic ingre-
dients are the particle-hole (ph) polarization propagator,
$"#,$%(E), that describes excited states of the A-nucleon
system, and the two-particle propagator, gII"#,$%(E), that
describes the propagation of two added/removed parti-
cles. These propagators are calculated as summations of
ring and ladder diagrams in the random-phase approxi-
mation (RPA). This allows for a proper description of col-
lective excitations in the giant-resonance region when the
model space is su%ciently large. The RPA induces time
orderings as those shown in Fig. 2 for the ph case and
accounts for the presence of two-particle–two-hole and
more complicated admixtures in the ground state, which
are generated by correlations. In FRPA, the R(2p1h)(E)
and R(2h1p)(E) propagators that appear in Fig. 1 are ob-
tained by recoupling $(E) and gII(E) to single-particle
or hole states, as shown in Fig. 3. This is done by solving
the set of Faddeev equations detailed in Refs. [12, 13].
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cal parameters and the calculation should be regarded as
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In addition to the influence of short-range (and tensor)
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the FRPA method. The physics content of the FRPA
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gested by the FRPA calculations may actually provide a
handle on describing the nuclear charge density for 40Ca
more accurately than was possible in Ref. [36].
A direct comparison of !-averaged FRPA volume in-

tegrals with the corresponding DOM result is made in
Fig. 10. Since the DOM results are calculated from a
local potential, they must be corrected by the e!ective
mass that governs non-locality [6, 36], before they can be
compared with the FRPA results, which are generated
from non-local potentials. The overall e!ect of this cor-
rection is to enhance the absorption. Referring to Fig. 10,
one can see that the FRPA exhibits di!erent behavior
above and below EF than is assumed in the DOM. The
FRPA predicts that there is significantly less absorption
below EF than above, whereas according to the assump-
tions made in a DOM fit, the absorption is roughly sym-
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metric above and below up to about 50 MeV away from
EF [6, 8–10]. While this assumption is made in the local
version of the DOM, the transition to a non-local imple-
mentation distorts this assumption of symmetry because
the attendant correction involving the e!ective mass is
di!erent above and below the Fermi energy as can be
seen in Fig. 10. Since only the absorption above the
Fermi energy is strongly constrained by elastic scatter-
ing data, it is encouraging that the !-averaged FRPA
result is reasonably close to the DOM fit for both nuclei
in the domain where the FRPA is expected to be rele-
vant on account of the size of the chosen model space.
The simplifying assumptions of a symmetric absorption
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below EF than above, whereas according to the assump-
tions made in a DOM fit, the absorption is roughly sym-
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metric above and below up to about 50 MeV away from
EF [6, 8–10]. While this assumption is made in the local
version of the DOM, the transition to a non-local imple-
mentation distorts this assumption of symmetry because
the attendant correction involving the e!ective mass is
di!erent above and below the Fermi energy as can be
seen in Fig. 10. Since only the absorption above the
Fermi energy is strongly constrained by elastic scatter-
ing data, it is encouraging that the !-averaged FRPA
result is reasonably close to the DOM fit for both nuclei
in the domain where the FRPA is expected to be rele-
vant on account of the size of the chosen model space.
The simplifying assumptions of a symmetric absorption
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L-dependence is  relevant 

Shell effect for unoccupied waves 



FRPA calculations show only a slight 
dependence of spect. factors on separation 
energies (N-to-Z asymmetry) 
-   agreement with SCGF and DOM estimates 
-   other effects are required to 
enhance correlations… (continuum?) 

CB,	  W.H.Dickhoff,	  arXiv:0903.0336	  
Int.	  Jour.	  Mod.	  Phys.	  A24,	  2060	  (2009).	  

Phys.	  Rev.	  C77,	  044306	  (2008)	  
Also	  for	  14O,	  16C,	  F.	  Flavigny	  et	  al.	  

OPEN PUZZLE!!!	

JENNY LEE et al. PHYSICAL REVIEW C 83, 014606 (2011)

FIG. 10. (Color online) Differential cross sections of
p(46Ar,d)45Ar in center-of-mass frame for transitions to ground state
and first-excited state. Curves are the predicted angular distributions
multiplied by the spectroscopic factor (see text).

data points.

p(36Ar,d)35Ar

As shown in Figure 8, the calculated deuteron angular distri-
butions from p(36Ar,d)35Ar reactions using CH89 approaches
describe both sets of data leading to the ground-state and first-
excited-state transitions of 35Ar very well. Calculations using
JLM + HF approaches describe the ground-state transition
data reasonably well. The CH89 method reproduces the cross
sections of the ground-state transition better at the very forward
angles. For the ground-state transition, the six points in the
first peak were used to obtain spectroscopic factors, and the
extracted values are SF(CH89) = 2.3 ± 0.2 and SF(JLM + HF)
= 1.6 ± 0.1. For the first excited state, the first three points
were used to obtain SF(CH89) = 1.2 ± 0.1. No JLM + HF
calculation was performed for the excited states.

p(46Ar,d)45Ar

For the p(46Ar,d)45Ar reaction, the peaks for the ground
state and first-excited state of 45Ar are separated by 0.542 MeV
[33]. Due to the severe kinematical broadening for these
reactions at large angles and the lack of beam-tracking ability
in the analysis, we did not completely resolve the ground-state
and first-excited-state transitions at all angles. Figure 10 shows
the experimental data contributed by both the ground- and
first-excited-state transitions. In Ref. [22], the distinct l = 3
and l = 1characteristics for the ground- and first-excited-state
transition are used to determine their individual contributions
to the ground-state differential cross sections for center-of-
mass angles less than 8! and between 20! to 27!. The dashed
and dotted lines in Fig. 10 represent the angular distributions
of l = 3 ground-state and l = 1 first-excited-state transitions,
and the solid line is the total angular distributions. All the
data points are used for two-l-value fitting constrained by
the respective SF extracted at small angles. In general, the
shape of the experimental data is reasonably reproduced, and
the resulting SF(CH89) for ground state is 5.08 ± 0.4. This
value is consistent with 5.28 ± 0.4 obtained in Ref. [22].

D. Asymmetry dependence of reduction factors

The LB-SM calculations for 33,35Ar were performed using
the code OXBASH [36] in an sd shell-model space with the
USDB interaction [37]. For 46Ar, the interaction of Nummela
et al. in an sdpf shell-model space was used [38,39]. The
ground-state values for Rs, the ratio of experimental to theo-
retical spectroscopic factors, were deduced for the two reaction
parameter sets involving the CH89 or JLM + HF parameters,
as described in Sec. III C. The results for symmetric 36Ar and
neutron-rich 46Ar are similar, with no quenching observed.
This is consistent with the previous systematic studies with sta-
ble nuclei [11,15]. The extracted value of ground-state Rs for
proton-rich 34Ar is about 15%–20% smaller than those of 36Ar
and 46Ar, which is within the uncertainties of the systematics.

The theoretical and the experimental SFs from transfer
reactions for stable Ar isotopes were published in Ref. [11],
where LB-SM calculations use the USDB interaction [37]
in the sd shell-model space for 37"38Ar isotopes and the
SDPFNOW interaction [39] in the sdpf shell-model space for
39"41Ar. To show the asymmetry dependence of the chain of
Ar isotopes, reduction factors of all the Ar nuclei obtained
from the present experiments (solid circles) and from previous
measurements (solid stars) [11] are shown in Fig. 11. They are
plotted as a function of !S, which characterizes the asymmetry
dependence of the relative shift of the neutron and proton
Fermi surfaces. For simplicity, only Rs values deduced from
the JLM + HF parameter set are presented. A similar trend is
observed for Rs (CH89). The !S values of 46Ar and 34Ar are
"10.03 and 12.41 MeV, respectively, significantly increasing
the span of the separation energy difference from the previous
transfer reaction data on stable isotopes. In previous studies,
there were no nuclei with !S # 7 MeV [15,17].

In Fig. 11, the error bars for 38Ar are larger than the
others because there is only one measurement available and
no other independent measurement exists for a consistency
check [40]. In the case of 40Ar, which is not included in
the figure, there are two sets of measurements. However, the
extracted SFs from the two experiments are different by about

FIG. 11. (Color online) The ground-state reduction factors de-
duced using JLM-HF approach SF(JLM-HF)/SF(LB-SM) of the
proton-rich 34Ar and neutron-rich46Ar, together with the symmetric
36Ar and the well-bound 37"41Ar isotopes [11].

014606-6

Phys.	  Rev.	  C83,	  014606	  (2011)	  

Experimental analyses appear to require 
opposite trends – but this is inconsistent 
-  Need better theory for reaction mechanisms?? 

single nucleon knockout	  

(p,d)  and (d,p) reactions	  



Single particle energies – driven by tensor + 3N force… 
(see works by T. Otsuka PRL2005, 2010) 

Quenching of spectral strength (spect. factor) – driven 
by coupling to collective modes… 

• Role of tensor force?? 

• Collective, charge exchange 
 effects??? 

Neutron	  excess	  
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Binding	  Energies	  of	  h11/2	  &	  g7/2	  States	  on	  Z=50	  



•  absorption away from EF is enhanced by the tensor force 

•  little effects from charge exchange (e.g. p-48Ca <-> n-48Sc) 

Jw: integral over the imaginary opt. pot (overall absorption)	

tensor	  
	  force	

S.	  Waldecker,	  CB,	  W.Dickhoff	  -‐-‐	  in	  prepara.on	

	  Full	  FRPA	  result	  (w/	  av18)	  
	  Charge-‐exchange	  d.o.f.	  suppressed	  
	  Tensor	  force	  suppressed 
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are obtained by suppressing the tensor component in the AV18 interaction. The di!erence between the top two panels is plotted
in the bottom panels to provide a more detailed assessment of the correlations induced by the tensor force.

dence of spectroscopic factors observed in knockout and
transfer reactions [14, 38–43].

The Javg
W for the three di!erent Ca isotopes are shown

in the top panels of Fig. 13. These results predict an
opposite behavior of the protons and neutrons above
EF , with the proton (neutron) potential increasing (de-
creasing) when more neutrons are added, qualitatively
in agreement with expectations from the Lane potential
model [44]. A recent DOM analysis based on several
isotopes, including the Ca and Sn chains, employs a sim-
ilar trend for the volume integrals [10]. However, the
same analysis suggests di!erent behavior of the imagi-
nary surface contributions: neutron surface absorption
appears to be rather independent of asymmetry, while
variations are much stronger for protons and for chains
of isotopes tends to increase with asymmetry. The sep-
aration between volume and surface e!ects is an arti-
fact of the functional form chosen for the optical model
and such a separation cannot be carried out uniquely in
a fully microscopic approach like the present FRPA. In
general, one can argue that most of the physics at scat-
tering energies below 50 MeV is dominated by surface
e!ects which are well-covered by the FRPA, whereas vol-

ume e!ects pertain to higher energies, less well-covered
by the FRPA chosen model space. At energies below
the Fermi surface, the overall absorption of both proton
and neutron does not show much variations with chang-
ing asymmetry. Since the DOM analysis employs less
data from energies below EF , this result must be further
tested in future work. Current DOM implementations
assume that surface absorption is similar above and be-
low the Fermi energy, which is clearly not suggested by
the FRPA results.

The above pattern, in which one type of nucleon be-
comes more correlated when increasing the number of its
isotopic partners, is a rather general feature in nuclear
systems that is also found for asymmetric nucleonic mat-
ter [45, 46]. FRPA calculations of stable and drip-line
nuclei show that this e!ect results in an asymmetry de-
pendence of spectroscopic factors similar to that observed
in knockout reactions, although the overall change from
drip line to drip line is rather modest [14]. We note,
however, that there also exist other mechanisms that can
a!ect this quenching besides the coupling to the giant
resonance region, including a strong correlation to the ph
gap [17] and e!ects of the continuum at the drip lines [43].
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and such a separation cannot be carried out uniquely in
a fully microscopic approach like the present FRPA. In
general, one can argue that most of the physics at scat-
tering energies below 50 MeV is dominated by surface
e!ects which are well-covered by the FRPA, whereas vol-

ume e!ects pertain to higher energies, less well-covered
by the FRPA chosen model space. At energies below
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and neutron does not show much variations with chang-
ing asymmetry. Since the DOM analysis employs less
data from energies below EF , this result must be further
tested in future work. Current DOM implementations
assume that surface absorption is similar above and be-
low the Fermi energy, which is clearly not suggested by
the FRPA results.

The above pattern, in which one type of nucleon be-
comes more correlated when increasing the number of its
isotopic partners, is a rather general feature in nuclear
systems that is also found for asymmetric nucleonic mat-
ter [45, 46]. FRPA calculations of stable and drip-line
nuclei show that this e!ect results in an asymmetry de-
pendence of spectroscopic factors similar to that observed
in knockout reactions, although the overall change from
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a!ect this quenching besides the coupling to the giant
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Shell	  Model	  
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Coupling of sp to 
collective modes 
is STRONG! 

Open-shells require 
explicit configuration 
mixing: shell model 
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s-d-g 

…

pf	  

Particle-vibration coupling dominates the 
quenching of spectroscopic factors 
Relative strength among fragments requires 
shell-model approach 
[see, e.g.  Utsuno et al., AIP Conf. Proc. 1120, 81 (2009).  
Tsang et al., Phys. Rev. Lett. 102, 062501 (2009)] 

[CB,	  Phys.	  Rev.	  Le:.	  103,	  202502	  (2009)]	  



Overall quenching of spectroscopic 
factors	   is driven by: 
SRC        ~10% 
part-vibr. coupling  dominant 
“shell-model“     in open shell 

[Phys.	  Rev.	  Le/.	  103,	  202520	  (2009)]	  
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…with analogous conclusions for 48Ca	  



•  A misconception about SRC: 
“the quenching is constant over 
all stable nuclei, so it must be a 
short-range effect” 

•  Configuration mixing around 
the Fermi surface (a.k.a. 
SHELL MODEL)  

•  Particle-vibration coupling  
including giant resonance 
region and above 

 NO! SRC have just a small 
effect at the Fermi surface. 

  They determine the relative 
fragmentation pattern between 
different levels and neighboring  
open shell isotopes 

 Mainly responsible for the 
overall (or “absolute”) quenching. 
Usual Shell-model spaces are 
NOT large enough 

[CB, Phys. Rev. Lett. 103, 202502 (2009)] 
[W. Dickhoff, CB, Prog. Part. Nucl. Phys. 52, 377 (2004)] 



•  Self-Consistent Green’s Functions (SCGF), is a microscopic method applicable to 
medium mass nuclei. 

•  Ab-initio applications: 
•  meet benchmark for 4He g.s. 
•  accurate ionization/quasiparticle energies 

• Calculation for scattering observables are possible and proof of principle 
calculations are available: 
•  good microscopic tool to analyze scattering 
•  larger bases required for a fully quantitative studies (computationally 
possible…) 

• Comparison to Dispersive Optical models (DOM): 
•  l-dependence and/or non-locality are needed 

• Strong absorption ate E>40MeV due to tensor force 

•  N-Z asymmetry dependence mostly due to central p-n interaction 


