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→ Nuclear astrophysics and indirect methods 
     (a few words on) 
 
→ The Trojan Horse Method primer 

→ Origin of the method 

→ Validity tests 

→ Experimental advantages 

 
→ An example of recent application:18F+p 
    (if time is not gone yet) 
 

Outline 



History of Nuclear Astrophysics in short! 

- Eddington, Aston, Gamow, Bethe: “energy production in stars” (1920-1939) 

- Gamow introduced the Gamow factor (1928), convoluted with the Maxwell 

distribution this fixes the typical energy for nuclear reactions in stars 

Reaction rate:  r = N1 N2 v (v) 

(# reactions volume-1 time-1) 

exp(-2ph) 
exp(-E/kT)   

- B2FH: kind of formal definition of nucleosyntesis in stars (1957) 

See Iliadis’ talk 



GAMOW WINDOW  10-100 keV (non explosive scenarios) 
 
 

Nano- Picobarn (even less!) 
 
 

Miserable S/N ratio                                                                            
 
 
 

Extrapolation  
 
 

Dedicated Experiments/Lab  
(LUNA) 

 
 
 
Electron Screening 
 
 
   Extrapolation… 

Indirect Methods   

(CD, ANC, THM) 
Iliadis & Trache’s talk, 
Motobayashi, Bertulani, 

Baur papers  



THM: a primer 

 =Trojan Horse nucleus 

EBA > EC 
EC 

x S x x 

B 

S 
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Nuclear field 

EC   =  Coulomb barrier between A and B 

EBA =  relative energy  between A and B 

E
Bx
= ECD – Q2 EBx  = interaction energy B-x 

Electron screening 
removed by construction 
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 Idea: get the 2-body cross-section of the process 

B + x →  C + D 

At astrophysical energies from the QUASI-FREE contribution  

of a 3-body reaction  (C. Spitaleri, Folgaria 1990) 

B + A → C + D + S 

S 
 A = x  S 

P C P 
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3-body Reaction Virtual Decay Virtual reaction 
(astrophysical process) 
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Assuming that a Quasi-free mechanism is dominant one can 
use the (PW)IA: 

E
Bx
= ECD-Q2b 

dΩC dΩD dEcm 
 KF·|Φ (Ps)|

2   dσ
N 

dΩ   



Interlude #1  

(An heuristic plausibility explanation for the factorization just shown) 

 

Where does the factorization come from? 

Following a symbolic approach we can write: 

 

Mfi = <d|<c|<s| M |A>|B>  
 
 

where M is the matrix element for the three body 



One can rewrite Mfi as 

Mfi = <d|<c|<s|M·1|A>|B> =<d|<c|<s| M |x><x||A>|B>  

                                      identity operator 

Hypotesis of vertex independence: 

M = Mvd  Mvr    (compare with IA hypoteses, Chew and Wick, 1952) 

then 

Mfi = <d|<c|<s| Mvd  Mvr |x><x| |A>|B>= 

    = <s|<x| Mvd |A>  <d|<c| Mvr |x>|B>  

hence                

3b  |Mfi|
2 d(PS)= |<s|<x|Mvd|A>|2 |<c|<d|Mvr|x>|B>|

2 
 

                                                                |(ps)|
2                 dN/d 

The missing KF factor comes from Energy-Momentum conservation.  

Caveat. Particle x is associated with an internal line, a “propagator”:  

 P P  mx
2  VIRTUAL PARTICLE ! 



Interlude #2  
 

Up to now no specific calculation procedure has been 
applied.  

Only the possibility of factorizing the 3 body cross-
section is really important.  
 

Approaches used so far 

PWIA (Kondratiev) 

MPWBA (Typel-Wolter) 

PWIA+DWBA+many others (Mukhamedzanov+Bertulani) 

«God» (the method) is one, though there are many 
«prophets» (theorists)! 
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3-body Reaction Virtual Decay Virtual reaction 
(astrophysical process) 
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Assuming that a Quasi-free mechanism is dominant one can 
use the (PW)IA: 
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Measured at 
high energy 

 

 

Calculated 
e.g. 

Montecarlo 
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3-body Reaction Virtual Decay Virtual reaction 
(astrophysical process) 
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E
Bx
= ECD-Q2b 

dΩC dΩD dEcm 
 KF·|Φ (Ps)|

2   dσ
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dΩ 

Indirectly 
Measured 

/  

By inverting the previous formula 
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In the TH approach

2-body x-section is 

coulomb barrier free!
Insensitive by definition to electron screening 
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In THM becomes

Barrier penetration 

coefficient

  )()( EEES NN 

)()( 2 ESGeES N

C  ph

where

Let’s summarize (in PWIA) 



APPLICATION OF THE METHOD and tricky points 

 

From the theoretical/phenmenological point of view 

1. Selection of the three body reaction and of the Trojan Horse 

Nucleus depending on its cluster structure properties. This 

affects the number and type of reaction mechanisms competing 

with the QF one and the cross section value of the QF channel 

itself (more in two slides) 

2. Check of the presence/dominance of the QF mechanism (impulse 

distribution reconstruction, study of the angular distribution, 

Treiman-Yang criterion) 

3. Reliability of the “ingredients” used in d2 derivation, e.g. of 

impulse distribution of the TH nucleus. 

4. If one is measuring a cross section below the Coulomb barrier, 

then he/she has to correct the THM x-sec for penetration factor 

before comparing the THM results with the direct ones. 



From the experimental point of view: 

 

1) Optimization of the energy and angular resolution of the 

experiment to obtain the necessary resolution in the ExB variable 

(relative energy of x-B related to the cm energy of the 

astrophysical process) 

 

 

2) Background noise suppression (this is not THM specific...) 

including the PHYSICAL background (see next slide) 

 

3) Availability of direct measurements (above the region where 

Electron Screening effects start to show up and if possible also 

above the Coulomb barrier) to normalize the THM data. 

 

DExB  = f(DEC DED DqC DqD ) 



PHYSICAL BACKGROUND: an example  

6Li+p → 3He+   from  6Li+d → 3He+  n 

  

 

Art of the TH: finding the phase 
space region where this diagram is 
dominant!  



ADVANTAGES of the Method 

1) The cross sections in the experiment are typical QF 

processes ones (mbarn/sr) though one is measuring a nuclear 

reaction at  astrophysical energies 

2) The THM x-section is purely NUCLEAR: no suppression 

effect due to Coulomb barrier 

3) No electron screening effect: one can get INDEPENDENT 

pieces of information on the electron screening potential by 

comparison with direct data (see RG Pizzone’s talk) 

4) The experimental setup is tipically simple enough 

5) The THM can be extended to use QFR in studying 

NEUTRON induced reaction  (VNM Virtual Neutron Method) 

(M. Gulino’s talk) 



IL METODO NON CADE DAL PERO… 
 

• On the 7Li(d,)n Quasi-free reaction at low energy.  Spitaleri, C.; Lattuada, M.; 
Riggi, P.; Arena, N.; Vinciguerra, D.  Lettere al Nuovo Cimento vol. 21 issue 10 
March 1978. p. 345 – 350 DOI:10.1007/BF02762995 

• On the 6Li break-up in the nuclear field. Lattuada, M.; Vinciguerra, D.; Riggi, F. 
Lettere Al Nuovo Cimento Series 2 vol. 21 issue 14 April 1978. p. 497 -501 DOI: 
10.1007/BF02778045.  

• Energy dependence of the quasi-free 9Be(3He,αα)4He reaction near the coulomb 
barrier. Arena, N.; Vinciguerra, D.; Lattuada, M.; Riggi, F.; Spitaleri, C. Il Nuovo 
Cimento A Series 11 vol. 45 issue 3 June 1978. p. 405 - 418 

• Quasi-free and sequential processes in the 9Be(3He,αα)4He Reaction at 2.8 MeV. 
Barbarino, S.; Lattuada, M.; Riggi, F.; Spitaleri, C.; Vinciguerra, D. Lettere al 
Nuovo Cimento vol. 25 issue 8 June 1979. p. 249 – 254 DOI: 10.1007/BF02776237.  

• Quasi-free scattering and α-d clustering probability in 6Li. Calvi, G.; Lattuada, M.; 
Riggi, F.; Spitaleri, C.; Vinciguerra, D.; Miljanić, D. Lettere Al Nuovo Cimento Series 
2 vol. 37 issue 7 June 1983. p. 279 – 283 DOI: 10.1007/BF02752240. 

• The neutron momentum distribution in 7Li and the three-body reaction7Li(d,αα)n.  
Lattuada, M.; Riggi, F.; Spitaleri, C.; Vinciguerra, D.; Fallica, P. G. Il Nuovo 
Cimento A vol. 72 issue 1 November 1982. p. 51 – 64 DOI: 10.1007/BF02784792. 

• Excitation function of the quasi-free contribution in the 2H( Li,aa)n reaction at Eo 
=28—48 Mev, M. Zadro and D. Miljanic, C. Spitaleri G. Calvi, M. Lattuada, F. Riggi 
(Received 6 July 1988) Phys. Rev C40 (1989) 181  

• Quasi-free reaction mechanism in 2H(6Li,3He a)n at Eo =21.6—33.6 MeV G. Calvi, 
M. Lattuada, D. Miljanic, F. Riggi, C. Spitaleri, M. Zadro Phys. Rev. C41 (1990) 
1848 



Treiman-Yang Criterion 



Super-ASTRHO  (SuperA) 



7Li+p  a + a 
from 

7Li+d  a +a +n 

6Li+p  a + 3He 
From  

6Li+d  a +3He +n 

 
G. Calvi, M. Lattuada, D. Miljanic, F. 
Riggi, C. Spitaleri, M. Zadro Phys. Rev. 
C41 (1990) 1848 

M. Zadro and D. Miljanic, C. Spitaleri G. 
Calvi, M. Lattuada, F. Riggi (Received 6 
July 1988) Phys. Rev C40 (1989) 181  

Two body cross sections from QFR with three body in 
the final state (above the Coulomb barrier) 





  Musumarra et al.:  

Phys. Rev.C 64,(2001),068801 

 Engstler et al. PLB 279,20, (1992) 

Cherubini et al. ApJ. 457 (1996) 855, THM 

Engstler et al. 1992 

 2001 

Tandem- Athens  (re-analisys)    

Ebeam=3-7 MeV 

Tandem Zagreb – IRB 

Ebeam= 5 MeV 

S0=16.9 MeVb 

1996 

direct  data 

indirect 

data 

indirect 

data 

direct data  

For applications to LiBeB abundances 
problem of these see Lamia’s talk 



Test validità TH 

Impulse distribution of 

a+d in 6Li 

Dependence of the final result  

from the impulse distribution width 

(IN)dependence from theTrojan Horse nucleus also verified 

70 MeV/c 

50 MeV/c 

Optimization of the «ingredients» of the method 



Trojan Horse Method precision era 2 

Impulse Distribution checks 

RG Pizzone et al 

Phys Rev C 80, 

025807 (2009) 

3.6 MeV 5.9 MeV 

Optimization of the «ingredients» of the method 



 Comparison of PWIA-DWBA approches 

 FRESCO 

Hultén function 
for deuton 
 
a= 0.2317 fm-1 

b= 1.202 fm-1 

La Cognata et al., ApJ 708 
2010 January 1 

18O + p → a + 15N 



Trojan Horse Method precision era 3 

18O + p →  + 15N 

La Cognata et al., PRL 101 (2008) 

 

La Cognata et al., ApJ 708 

2010 January 1 

Check of angular distributions 



p-p  SCATTERING  from p+d p+p+ns 

Tesi  Laurea G.G. Rapisarda (2005) 

Tumino et al. PRL 98, 252502 (2007) 

Jackson & Blatt question, Rev. Mod. Phys.,  22  

(1950), p. 77, is the “smoking gun” of THM! 
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V N M:  17O(n,)14C   via   
17O + d - >   + 14C +p 

E
n
(MeV) 

n 

A parasitic experiment... 
 

Performed @ LNS, Catania 

E(17O) = 41 MeV 
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17O + d 

6Li + d 

Magnify
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effect 

Magnifying glass effect 



18F+p  15O +    AT CRIB VIA THM 

18F+d  15O + + n 

 

Thick target method  (also at CRIB)  
 
Indirect methods   
 
Transfer reaction 
 



For the star energetics 
this are peanuts! 

18F(p,)15O 



STATE OF THE ART DIRECT EXPERIMENT 

TRIUMF DATA 

C. E. Beer et al. PHYSICAL REVIEW 
C 83, 042801(R) (2011)  
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THM Experiment kinematics… needs all!

nSpectatorA

B

S

c

d

x

2H

18F 4He

15Op
E(18F) = 50 MeV
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CRIB  setup 

1. Two beam production tests   performed ( Nov . 2005, June 2006)  

2.  3*10^5 pps obtained, 10^6   pps within the capabilities of the machine 

3. Beam purity  > 98% 

4. Normalization and deffinitionof the beam particle by particle (PPACs) 

BEAM PRODUCTION AT CRIB  
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EXPERIMENTAL SETUP 

(other then CRIB.....) 

PPAC MCP 

CD2 2 

TARGET 

DPSSD 
array 

Front view of DPSSD array 

DSSSD 

 
0.5  m  9cm 

 24cm 

 

Safety disk 

ASTRHO: 

Array of  Silicons for TRojan HOrse 

PPAC CD2 MCP 

particle by particle beam  
reconstruction 



Experimental setup 3 

How ASTRHO looks like in reality  
(before PPAC explosion...) 



The Italian-French-Japanese connection 



37 

Q-VALUE SPECTRUM 

DETECTOR PAIRS:  

8-1;7-1 

CUTS: 

“BEAM”+”THRES.” 

+”MULT” +”CORR. TIME” 

18F+d15N+a+p @ q=4.194      VNM+RIB!!! 
18F+d15O+a+n @ q=0.658 

18F+d18O+p+p @ q=0.213  

18F+d18F+p+n  @ q=-2.225 
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EVENT SELECTION 
 

Red :    18F + d 15N +  + p 

Black:  18F + d 15O +  + n 

Blue:    18F + d 18F + p + n  

Green: 18F + d 18O + p + p 

                               “1”+“2”+“3” 
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Q-VALUE SPECTRUM 

GOOD AGREEMENT with  

Q-value expected position (0.658 MeV)  

And energy beam profile (exp. Sigma 0.8 MeV) 

Previous cuts + Erel-Erel correlation +E-Theta correlation 
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HINTS FOR QF MECHANISM 
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BARE NUCLEUS CROSS SECTION 

FIRST TROJAN HORSE  MEASUREMENT WITH RIBs !!! 
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