


SUMMARY

1)	HISTORY	OF	NUCLEAR ASTROPHYSICS	(IN	SHORT)

2)	why do	we go	for	INDIRECT	METHODS?

3)	CD,	ANC:	just	a	glance

4)	Trojan Horse Method	😍😍😍

5)	THM	and	RIBs

6)	THM	and	n-induced reactions



History of Nuclear Astrophysics in short!

- Eddington, Aston, Gamow, Bethe: “energy production in stars” (1920-39)

- 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 s(v)

(# reactions volume-1 time-1)exp(-2ph)exp(-E/kT) 

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

What is the	LAB	rate???



Let’s solve	an	exercise

Data:

Typical x-section:				s =	10-12 barn	=	1	pb

Target	density:				d	=	1018		atoms/cm2	

Beam intensity:	I	=	100	µA (but RIBs…)

Question:

Event rate:		r=?

VERY	
OPTIMISTIC

!!!



Is something missing???
Answer is “yes”,	but what?



A few reactions measured down in the  Gamow
window. For all others:

Ø Data EXTRAPOLATION down to astrophysical 
energies REQUIRED!

Ø S(E) is a smoothly varying function of 
the energy than the cross section s(E)

Ømuch easier extrapolation with the astrophysical
S(E)-factor

BUT
Ø Resonances can give contribution to X-sections

in NASTY ways

Ø the “something else”                            

ELECTRON SCREENING 
brings

extrapolation back again
Astrophysical 

energies (Gamow energies)

Why one wants to go indirect?

S(E)=E s(E) exp(2ph)
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bare nuclei
shielded nuclei

3He + 2H à p + 4He

One need the right s(E) or S(E) as an input for stellar models!!!

Sexp(E)=Sbare(E) exp(phUe/E)

ELECTRON SCREENING:

In spite of all efforts…    Extrapolation back again
WHY IS THIS A PROBLEM?

It is a problem because electron screening in STARS and in 
LABORATORIES is not the same (nor in LABS and TFR) !

…and the effect is quite remarkable

Eeff=Eprojectile+Ue



GAMOW WINDOW à 10-100 keV (non-explosive scenarios)

Nano- Picobarn (even less!)

Miserable S/N ratio                                                                           

Estrapolation 

Dedicated Experiments / Lab 
(LUNA)

Electron Screening

Estrapolation BACK AGAIN

Indirect Methods  
(CD, ANC, THM )

RECAPITULATING:



INDIRECT METHODS

Asymptotic Normalisation Coefficients (ANC) method
(radiative capture reactions).

Trojan Horse Method (thermonuclear reactions
induced by light particles)

Coulomb Dissociation method (radiative capture reactions).

In order to solve some of the problem cited above (low X-sections, 
electron screening) some indirect approaches were proposed. 

Just to name a few of them:



Thanks and	full	credits to	
Prof.	Tohru Motobayashi



Virtual	photon theory or	DWBA

Detailed balance







Slide	built using stolen material from	Marco	La	Cognata	and	AkramMukhamedzanov!

Proposed by	A.	Mukhamedzhanov

CFAp

=	(real)	p	in	diagram below

A F

CFAp



Trojan	Horse
Method
Main		application:
measurements	of	charged	
particle	cross	sections at	
astrophysical	energies

A+x® c+C A+a® c+C+b



THM: a primer

=Trojan Horse nucleus

EBA > EC
EC

xS xx

B

S
A

Nuclear field

EC   = Coulomb barrier between A and B
EBA =  relative energy  between A and B

EBx= ECD – Q2EBx = interaction energy B-x

Electron screening 
removed by construction

C

D

x

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 Ä 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 PWIA:

EBx= ECD-Q2b

dΩC dΩD dEcm
KF·|Φ (Ps)|

2 dσ
N

dΩµ •



Measured at high 
energy

Calculated e.g. 
Montecarlo

d3σ

3-body Reaction Virtual Decay Virtual reaction
(astrophysical process)
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EBx= ECD-Q2b

dΩC dΩD dEcm
KF·|Φ (Ps)|

2 dσ
N

dΩ

Indirectly Measured

/ µ

Assuming that a Quasi-free mechanism is dominant one can 
use the 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          

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 d2s derivation, 
e.g. of impulse distribution of the THl nucleus.

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

DExB = f(DEC DED DqC DqD )



PHYSICAL BACKGROUND: an example 
6Li+p → 3He+a from  6Li+d → 3He+a + 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 and 3 body kinematics offers other benefits
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
4) The experimental setup is tipically simple enough
5) The THM can be extended to use QFR in studying NEUTRON induced
reaction (aka VNM Virtual Neutron Method)



-40<ps<40 (MeV/c)

-40<ps<40 (MeV/c)

Magnifyin
g glass 
effect

Benefits of 3-body kin. (#1): Magnifying glass effect

6Li+nà a+t via 6Li+dà a+t+p



Schematic	view	of	a	typical	THM	experimental	setup.	SIMPLE	(#4)

D2

a A
s

D1
c

C

D1,D2:	(typically)	Position	Sensitive	Detectors	centred	at	Quasi-Free	

angular	pairs

Trigger:	D1_	AND	_	D2

Note:	measuring	E1,	E2,	q1,	q2 over-determines	the	full	three-body	

kinematics	in	a	coplanar	geometry.	



p-p  SCATTERING  from p+d àp+p+ns PURE NUCLEAR #2

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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Electron	Screening	potentials studied using THM	(#3)

Owing to	“high”	bombarding energy the	elctron cloud is ineffective.
Electron	screening	is removed by	construction



Gulino et al. PRC Rapid 
Communication (2013)

angular distributions

17O+n	à14C+a via	17O+dàà14C+a+ps



5/2- (Laird 2013)

MOST IMPORTANT:
INTERFERENCES ARE 
INCLUDED IN THM 
DATA BY NATURE

8 keV  3/2-

THM data

C.E.	Beer,	Phys.	Rev.	C	83,	
042801(R)		(2011)
Smeared to THM 
resolution

S.C. et al., 
Phys Rev C 92 
015805
21 July 2015

18F+p	à15O+a via	18F+dàà15O+a+ns



M. Gulino,
Analysis in 
Progress



THANKS FOR YOUR ATTENTION 

THM was developped by the ASFIN Collaboration since 1990.

Presently: S.C., M. La Cognata, M. Gulino, R. Spartà, L. Guardo, RG Pizzone, 
A. Tumino, S. Romano, G. D’Agata, GG Rapisarda, I. Indelicato, L. Pumo, 
G. Manicò, A. Di Pietro, P. Figuera, M. Lattuada, D. Lattuada, S. Palmerini, 
M. Busso, M. Limongi, A. Chieffi…

… and The Boss: C. Spitaleri


