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Structure and reactions of Structure and reactions of 
few nucleon systemsfew nucleon systems

Summary:

•  General considerations
•  Short review of ab initio methods for bound states (structure) and                
    scattering   states  (reactions) 
•  the LIT method for reactions 
•  hadronic vs e.m. reactions (elise)
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Nuclear Physics 
relevant degrees of 

freedom
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What is the 
Nuclear Interaction?
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What is the 
Nuclear Interaction?

Connects to QCD

Connects to typical MB properties 
( clusterization, collectivity, 

mean field properties
etc.)



FEWBODY PHYSICS
ab initio methods
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“Few(?)body” theories are ab initio in the following sense:

d.o.f.: A nucleons
Potential: “realistic” NN (NNN) interaction
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from H.Kamada et al. (18 auhors 7 groups) PRC 64 (2001) 044001 

    ab initio A=4 bound state calculations           
                     
                      BE of 4He
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from H.Kamada et al. (18 auhors 7 groups) PRC 64 (2001) 044001 

          
                     
                    

Excellent accuracy ! 

ab initio A=4 bound state calculations 
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A > 4              EIHH, GFMC, NCSM, AFMC, CC, UCOM

                          6(7)      12      14           56 ??upper limit in A:
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from H.Kamada et al. (18 auhors 7 groups) PRC 64 (2001) 044001 

              
                     
                      BE of 4He

ab initio A=4 bound state calculations 
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Monte Carlo methods: 
 
GFMC = Green Function Monte Carlo
AFMC = Auxiliary Field Monte Carlo 

Expansion methods + “effective interaction” 
(to accelerate convergence):

NCSM = No Core Shell Model
EIHH = Effective Interaction in Hyperspherical Harmonics expansion

correlation operator (eS ) methods:

CC = Coupled Cluster 
UCOM = Unitary Correlation Operator Method

Bound State Methods can be grouped in 3 classes

A

B

C
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From P. Navr´atil, S. Quaglioni, I. Stetcu and B. R.Barrett   ArXiv: 0904.0463
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from S.C. Pieper, R.B.Wiringa, J. Carlson  PRC 70 (2004) 054325

ab initio A=4 bound state calculations 
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   ab initio A=4 bound state calculations 
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8Be: From ab initio Monte Carlo to  two alpha – cluster ! 

Fig.11  Calculated density contours of 8Be in the lab frame (left) and the
              intrinsic frame (right), labeled with densities in fm−3 

From 

S.C. Pieper & R.B. Wiringa 
Ann. Rev. Nucl. Part. Sci 
51 (2001) 53
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A > 4              EIHH, GFMC, NCSM, AFMC, CC, UCOM
upper limit:  A = 7 ,      12 ,       16 ?,            40 ??

, HH
, HH
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continuum (scattering) states > REACTIONS
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From L. Marcucci et al. Phys.Rev. C80 (2009) 034003

p − 2H differential cross section with NN and NNN potentials
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Semi-inclusive differential cross section for   p ( 1 1 Be, 1 0 Be ) pn

From  A. Deltuva,  et al.  PRC 76 (2007) 064602         

Phys.Rev.C76:064602,2007CDCC= Continuum Discretized Coupled Channels
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 continuum (scattering) states > REACTIONS
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 continuum (scattering) states > REACTIONS
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V. D. Efros, W.Leidemann, G.Orlandini, N.Barnea

“The Lorentz Integral Transform (LIT) method 
and its applications to

perturbation induced reactions”

J. Phys G: Nucl. Part. Phys.34 (2007) R459-R528

Topical report
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The Lorentz Integral Transform method 
for purely hadronic reactions

A + B > C + D +...
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T
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β β 
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General form of Tmatrix

 trivial part non trivial part
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General form of Tmatrix



G. Orlandini –  "Nordic Winter Meeting on Physics @ FAIR  Björkliden, March 22,  2010

T
βα

(Ε) = <  
ββ
  V   V   

α  α  
> > 

        
+  <  +  <  

β β 
  V  V    (Ε − Η +   (Ε − Η + i i η)η) −1 −1 V V     

α  α  
>>

  

 trivial part

  
  < < 

  
|    (Ε − Η + |    (Ε − Η + ii  η)η)  −1  −1   

    
>>

  

non trivial part

General form of Tmatrix



G. Orlandini –  "Nordic Winter Meeting on Physics @ FAIR  Björkliden, March 22,  2010

  
  < < 


 |   (Ε − Η +  |   (Ε − Η + ii  η)η)  −1  −1   

      
> => =

  

One can manipulate the non trivial part: 

Step 1) Insert completeness of eigenstates  |n> of H:  Σ
n 
|n><n| =1
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0
, Γ ) = 

Proof of the Theorem
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L (ω
0
, Γ ) = 

Completeness !
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main point of the LIT :main point of the LIT :

The         solution is unique and has bound state asymptotic 
behavior

Theorem:



Differential equations with sources that have
bound state like boundary   conditions,

and and Γ Γ  finite finite
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main point of the LIT :main point of the LIT :

The         solution is unique and has bound state asymptotic 
behavior

Therefore one can use one of the ab initio bound state 
methods!

Theorem:



Differential equations with sources that have
bound state like boundary   conditions,

and and Γ Γ  finite finite
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The LIT methodThe LIT method

 it is an ab initio method suitable to treat reactions it is an ab initio method suitable to treat reactions 
involving scattering statesinvolving scattering states

 reduces the reduces the continuumcontinuum problem to a  problem to a bound state bound state 
problemproblem

 needs needs onlyonly a “good” method for  a “good” method for bound statebound state  
calculations (FY, HH, NCSM, calculations (FY, HH, NCSM, others ???others ???))
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main point of the LITmain point of the LIT

For hadronic reactions: 
 

S = S =   


V  V  
α,βα,β
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main point of the LITmain point of the LIT

For electromagnetic  reactions: 

S = S = ΘΘ|g.s.>|g.s.>
    

with    with    ΘΘ   = =   e.m.e.m. operator operator  



G. Orlandini –  "Nordic Winter Meeting on Physics @ FAIR  Björkliden, March 22,  2010

main point of the LITmain point of the LIT

For electromagnetic  reactions: 

S = S = ΘΘ|g.s.>|g.s.>
    

with    with    ΘΘ   = =   e.m.e.m. operator operator  

ELISE !
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Electromagnetic probes (electrons, photons) are a very
“clean” source of information 

Electrons can  explore the entire nucleus 
at different scales (varying momentum transfer q) 

and different excitation energies (varying energy transfer ω).
e.g. low ω , varying  q 
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SURPRISE:
LARGE EFFECT OF 

3BODY FORCE AT LOW q

NO MEASUREMENTS
AT LOW q !!!

S.Bacca et al., PRL 102 (2009) 162501

(e,e')(e,e')
44HeHe
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66-Body E1 excitation       -Body E1 excitation       

LIT +   EIHH 

methods
6Li

6He

S. Bacca et al.PRL89(2002)052502S. Bacca et al.PRL89(2002)052502
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66-Body E1 excitation      -Body E1 excitation      

6Li

6He

classical GT 
mode

soft 
mode

S. Bacca et al.PRL89(2002)052502S. Bacca et al.PRL89(2002)052502

LIT +   EIHH 

methods
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        σσ  HH     ∼          ∼     | <| <  FF  ||  II  >> | |22    
  

| <| <  FF  ||    ρρ    oror    J J   ||  II  >|>|22    

  

WHAT IS THE DIFFERENCE BETWEEN 
ELECROMAGNETIC AND  HADRONIC  REACTIONS?    

  

σσ  EM   EM    ∼  ∼  

NUCLEAR CHARGE  CURRENT
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ρ, J , |I> and |F> are not independent!

|I> and |F> are eigenstates of H : 
             H  |n>  =  E

n 
|n>

charge conservation implies:
              div J = i [H, ρ]

1)

2)

       H & ρ fix |I>, |F> and   div J 
                    BUT NOT curl J 
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so, what is  J
 
? 
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p n

n p

 π
+

one needs to make a guess on the 
underlying degrees of freedom

For example:

 J
M  E  C
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One step deeper into the connection with NPQCD
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ConclusionsConclusions

Good perspectives for ab initio reaction Good perspectives for ab initio reaction 
calculations both for hadronic and e.w. calculations both for hadronic and e.w. 

reactions reactions 

((manpower needed!manpower needed!))
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ConclusionsConclusions

““Few”Few”- body ab initio approaches  can - body ab initio approaches  can 
give a valuable contribution to the give a valuable contribution to the 

physics of physics of FAIR FAIR and and ELISEELISE


	1-Title.
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	36-6body collective
	Slide 54
	Slide6
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61

