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N a t u r e t r i g g e r s m e n ’ s  
admirations; and we look  at 
everything and wonder, but  
seldom we  investigate the  
causes; thus we ignore the  
Movements of the Sun and stars  
As well as the explanations of  
many other phenomena 
Cicero, I century BC 

Or… Experimental challenges in nuclear astrophysics 
 
 
Exploring the connection between micro- and  
macro-cosmos 
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Part 1 :  
Introduction 
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•  Main questions and issues for nuclear astrophysics 
•  Some necessary definitions 
•  Direct methods: the LUNA project @ Gran Sasso Lab 
•  Indirect Methods 
•  Trojan Horse Method  
•  Some results by THM 
•  Astrophysical contexts where THM has played a role 
 

OUTLINE 
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Observation and understanding of the stars started  
together with mankind      (Denderah Zodiac) 

CMA 
ORI 

Planets 

Planets 

Planets 

UMA 

Zodiac 

Zodiac 

Zodiac 

Zodiac 
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And much progress was 
made in the last centuries 
through astronomical studies 
But… it was realized that it 
was not enough. 
 
 

In order to understand 
astrophysical processes, we  
need to know what’s going on 
there 
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Astrophysics: studying the Universe through the laws of physics 

 
Nuclear Astrophysics: study of nuclear processes which take place  

in the Universe 
Understanding MACROCOSMOS through MICROCOSMOS 

 
 

WHY? 
•  to understand how stars produce the energy they emit; 

•  to understand how chemical elements were produced 

•  to understand the first seconds of the Universe and help to 
track how it will end 

Why gold costs much more than iron?? 



7 th Russbach Workshop on Nuclear Astrophysics 

The February 2002 issue of Discover magazine 
based its cover story on the recent 105-page 
public draft of the National Research Council 
Committee on Physics of the Universe report, 
Connecting Quarks with the Cosmos: 11 
Science Questions for the New Century 
 
#3 Scientist's understanding of the production 
of elements up to iron in stars and supernovae 
is fairly complete, but the precise origin of 
the heavier elements from iron to uranium 
remains a mystery. 
 
#11 How did the Universe Begin? 
WMAP & Planck connection to primordial 
Nucleosynthesis!!! 
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Stars emit energy thoughout their lives 
and stars also change (evolve) during their lives. 
are these aspects connected?How? 
 
 

The birth of a start: Galactic gas and powder 

Small Mass  

Star (Sun) 
Massive Star  

Another issue: how stars evolve? 
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is 4.65 x109 years old. What  
source can guarantee solar  
luminosity  for such a long time? 
 
Gravitational contraction? 
It can be shown Sun can hold  
From GC for 107 year  
(Kelvin Helmoltz timescale) 
 
Nuclear fusion? 
Simple estimates show it’s the right answer. 

    But HOW? 
 

First ideas suggested 4 H nuclei can merge into a He  
Producing energy from mass defect (Eddington) 
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Life depends on nuclear  
Reactions and some 
nuclear properties 
 
e.g. light elements 
burning (PMS), 
H-burning (MS) 
He burning (AGB) 
C-O burning massive 
stars 

Energy generation in stars is due to nuclear astrophysics  
processes 
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22 1 Aspects of Nuclear Physics and Astrophysics

Fig. 1.5 Schematic evolutionary tracks of
(a) the Sun, and (b) massive stars of ini-
tial solar composition, in the Hertzsprung–
Russell diagram; the luminosity on the verti-
cal axis is given in units of the present solar
luminosity. The heavy portions define the
locations where major core nuclear burn-
ing phases occur. Details of tracks during
transitions between major nuclear burning
phases are omitted. The meaning of the
labels are: main sequence (MS); zero age
main sequence (ZAMS); subgiant branch
(SGB); red giant branch (RGB); core he-
lium flash (HeF); horizontal branch (HB);
early asymptotic giant branch (E-AGB);
thermally pulsing asymptotic giant branch

(TP-AGB); post asymptotic giant branch (P-
AGB); planetary nebula nucleus (PNN);
carbon–oxygen white dwarf (CO-WD).
Metal-poor stars in the initial mass range
of 0.4 M! ! M ! 2 M! appear during
core helium burning in a region marked by
the horizontal dashed line in part (a), de-
pending on the mass loss during the RGB
phase. The two dashed diagonal lines indi-
cate the instability strip. In part (b) the core
burning phases are labeled by the nuclear
fuel: hydrogen (H), helium (He), carbon (C),
and so on. The onset of carbon burning is
marked by the full circle. Note the vastly dif-
ferent luminosity scale in parts (a) and (b).
See the text.

P-p chain Solar like stars 
Massive stars 
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Where are the 92 natural elements  
coming from? How were they produced? 

Man: H,C,N,O 

Sun: H, He 

Earth: Fe, Si, O, Mg 

U             Au          Li 

A “cosmic abundance”? 
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The elemental abundance in the universe is determined in 
 the Solar neighborhood and is assumed to be Universal. 
It is measured in Earth,Sun, Meteorites,Stars … by 
 different methods. 
Several features are visible in the curve of abundance. 

Meteorites: Fe, Ni 
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Features: 
 
•  Li, Be, B under-abundant 
•  peak around A=56 (Fe) 
•  almost flat distribution beyond Fe 
•  exponential decrease up to iron   
peak 
 

Elemental abundance in the Universe 

The answer to such question is given by… 
Nuclear astrophysics 
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Fred Hoyle William Fowler Geoff Burbidge Margaret Burbidge 

•  Eddington 1920, Bethe 1938, von Weiszäcker 1938, 
Gamow 1948, Cameron 1957 … 

In 1957, B2FH presented the basis of the modern nuclear astrophysics in their review paper 
explaining by nuclear reactions occurring in the interior of the stars : 

 à The production of energy 
 à The creation of elements 

The first complete review of nuclear reactions explaining:  
H and He quiescent and hot burning, and of the nucleosynthesis beyond Fe. 
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Produzione e tavola isotopi 

Big Bang Nucleosynthesis 
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•  In the astrophysical environments the energy 
required for particle interactions is taken 
from Thermal Energy 

•  In the Sun T=1.5x107 K  then E=kT~ keV 

•  In large masses stars or Big Bang 
nucleosynthesis  T~ 109  E~ 0.5-1 MeV 
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Primordial nucleosynthesis is one of the pillars of the current  
Cosmological models.  
 
Main evidences of Standard Big Bang scenario: 
 
•  Galactic expansion (Hubble Law) from SN measurements,  
•  Cosmic Microwave Background radiation probes the universe   
   at time around 3x105 years after BB 
•  Primordial nucleosynthesis probes the universe at around 
   1-20 minutes after Big Bang!! 

  The only in the radiation dominated era 
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C o m p a r i s o n o f 
observed primordial 
a b u n d a n c e s w i t h 
calculated ones as a 
f u n c t i o n o f t h e 
baryon-to-photon ratio 
 
From abundances to 
c o s m o l o g i c a l 
p a r a m e t e r s a n d 
viceversa 

Role 
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Part 2: 
Useful definitions 
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The main problem in the  charged particle cross section measurements at  
astrophysical energies is the  presence of the  Coulomb barrier  between 
the interacting nuclei 

tunnel 
effect 

Ekin ~ kT  (keV) 

nuclear well 

Coulomb potential V 

r r0 

  Ecoul ~ Z1Z2  (MeV) 
tunnel 
effect 

cross sections measurements:   Reactions between charged particles 

 reactions occur through   
TUNNEL EFFECT           
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in numerical units: 

2πη = 31.29 Z1Z2(µ/E)½  

 µ in amu and Ecm in keV  

tunneling probability    

 P ∝  exp(-2πη) 

2πη = GAMOW factor 

It determines exponential drop in abundance curve ! 
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In stellar plasma:  

Maxwell-Boltzmann distribution  non-relativistic, non-degenerate gas  
in thermodynamic equilibrium 

µ  = reduced mass 
v = relative velocity 
T = plasma temperature 

ni = number density 
Total reaction rate     R12 = (1+δ12)-1 n1n2 <σv>12                 reactions cm-3 s-1 

  

Reaction per unit time per unit volume: 

<σv> = KEY quantity to be determined from experiments 

vσ(v)N1N2 

<σv>12  = ∫
∞

0

σ(E) exp        E dE ⎟
⎠

⎞
⎜
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⎛−
kT
E

( )3/2
1/2

12 kT
1

πµ
8

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎟
⎠

⎞
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⎝

⎛−
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−
2kT
µv2

ϕ(v) ∝ exp               = exp  

⇒ NEED ANAYLITICAL EXPRESSION FOR  σ! 

THEN averaging over v distribution 
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Gamow peak 

tunnelling through 
Coulomb barrier 
∝ exp(-           ) 

Maxwell-Boltzmann 
distribution 
∝ exp(-E/kT) 

re
la
ti
ve

 p
ro

ba
bi
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energy kT E0 

E/EG

ΔE0 

The probablility for penetrating the Coulomb barrier goes down 
rapidly with decreasing energy, but at a given temperature the 
possibility of having a particle of high energy (and therefore high 
velocity) decreases rapidly with increasing energy (the red curve). 
 
The sum of these opposing effects produces an energy window for 
the nuclear reaction: only if the particles have energies 
approximately in this window can the reaction take place.  

Epp~ 20 keV 
ESN~ 300-800 keV 
EBBN~100–600 keV 
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reaction 
Coulomb  
Barrier 
(MeV) 

E0 
(keV) ΔE0 exp(-3E0/kT) 

p + p 0.55 5.9 7.0x10-6 

α + 12C 3.43 56 5.9x10-56 

16O + 16O 14.07 237 2.5x10-237 

Examples:  T ~ 15x106 K  (T6 = 15) 

Well-defined stages: 
  He-burning 
  C/O-burning … 

area of Gamow peak ~  
<σv> (height x width) 

E0 = f(Z1, Z2, T) 

Strong sensitivity to Coulomb barrier 

Most favourable energy region varies with reaction  
and/or temperature 
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178 3 Thermonuclear Reactions

Fig. 3.14 The Gamow peaks for the p + p, 12C + p, and 12C + α reac-
tions at a temperature of T = 0.03 GK.

to E0 + ∆/2, except in the case of narrow resonances (see later). For increas-
ing charges of target or projectile, this window shifts to higher energies and
becomes broader.

The nonresonant thermonuclear reaction rates can be calculated by replac-
ing the Gamow peak with a Gaussian. From Eqs. (3.72) and (3.75) one finds

NA〈σv〉 =
(

8
πm01

)1/2 NA

(kT)3/2 S0

∫ ∞

0
e−2πηe−E/kT dE

≈
(

8
πm01

)1/2 NA

(kT)3/2 S0e−3E0/kT
∫ ∞

0
exp

[
−
(

E − E0
∆/2

)2
]

dE

(3.79)

The lower integration limit can be extended to −∞ without introducing a sig-
nificant error. The value of the integral over the Gaussian is then

√
π∆/2. For

a constant S-factor we obtain

NA〈σv〉 = NA

√
2

m01

∆
(kT)3/2 S0e−3E0/kT (3.80)

Alternatively, one finds with the substitution τ ≡ 3E0/(kT) and Eqs. (3.74)
and (3.78)

NA〈σv〉 = NA

√
2

m01

∆
(kT)3/2 S0e−ττ2 (kT)2

9E2
0

=
(

4
3

)3/2 !
π

NA
m01Z0Z1e2 S0τ2e−τ

(3.81)

Dramatic dependence with Z!! 
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Part 3: 
Direct & Indirect Methods 
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σ  in the range nano-picobarn  

in general, their direct evaluation 
is  

-severely hindered (1 ev/month) 

-and in some cases even beyond 
present technical possibilities. 

@ Gamow energies 

Possible solutions: underground measurements, 
extrapolations 

Direct Measurement: Perform the experiment with 
beam-target interacting at astrophysical energies 
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CROSS SECTION 

Experimental procedure  Often cross sections are too low to be measured 

LOG 
SCALE  

⇓ 

direct measurements 

E0 Ecoul 
Coulomb barrier 

σ(E) 

non-resonant 

resonance 

extrapolation needed ! 

many orders  
of magnitude 

The extraction of the  cross sections σb(E)  at the astrophysical 
energies (Gamow energies) could  be estimated by extrapolating 
measurements performed at higher energies 

Since the cross-section varies of several orders of magnitude, the 
extrapolation procedure can be quite complicate 
Bare Nucleus Astrophysical S(E)-factor is introduced for a easier 
extrapolation. 

E
1 σnr(E) =     exp(-2πη) S(E)  
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large uncertainties in the extrapolation! 

Necessary is Maximize the signal-to-noise ratio 

 - IMPROVEMENTS TO INCREASE  

  NUMBER OF DETECTED PARTICLES 

 4 π detectors 

 New accelerator  at high beam 
intensity           

SOLUTIONS 

- IMPROVEMENTS TO REDUCE  

  THE BACKGROUND  

 Use of laboratory with natural 
shield -  ( underground physics) 

  Use of magnetic apparatus  (Recoil 
Mass Separator)                                       
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to observe the stars in the sky"  

                               Naturalis Historia – Plinius, 44 A.D.  

Fleet commander in Tyrrenum sea during Pompei Eruption,  
Great latin scientist, died on the attempt of rescuing people and perform 
scientific observations during the Vesuvius eruption of 79 DC 
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1400 m of dolomite rock, CaMg(CO3)2, (~3800 m w.e.) 
 
Muon flux: 1.1 m-2h-1, 6 orders of magnitude reduction 

 
Neutron flux, mainly from (α,n) : 2.92 10-6 cm-2s-1  (0-1 keV),  0.86 
10-6 cm-2s-1  (> 1 keV), 3 orders of magnitude reduction 
 
Gamma rays: only 1 order of magnitude reduction, but with thick 
shield (no muon activation) about 5 orders of magnitude in the region 
of natural radioactivity and 4-5 orders above 3.2 MeV without any 
shield (gamma rays due to n-interaction) 
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Luna 
underground  
facility 
INFN LNGS 
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Hard Work is necessary 
To understand what we see 

To try to go inside  
the problem 

… 
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3He (3He,2p)4He 

H+, 3He+ beam 
Voltage Range: 1 - 50 kV 
Output Current: 1 mA 
Beam energy spread: 20 eV 
Long term stability (8 h): 10-4 

Terminal Voltage ripple: 5 10-5 

Q = 12.86 MeV Ep
max= 10.7 MeV 

Suppression of  7Be and 8B  νe in pp chain 
due to a resonance in 3He (3He,2p)4He 
which modifies the neutrino spectrum? 

Windowless gas target (3He @ 0.5 mbar) + 8 silicon detectors 
(5cmx5cm, 1mmthick) 

Courtesy C. Broggini  
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smin=20 fb (2 events/month) (same value of 
Superheavy nuclei formation – frontier physics) 
No resonance at the Gamow peak 
Nuclear astrophysics is not the reason for the 
suppression of νe  from the Sun 
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3He(3He,2p)4He 

C. Casella et al.: Nucl. Phys. A706 (2002) 203 

d(p,γ)3He 

LUNA  (Laboratory Underground for Nuclear Astrophysics) 

50 kV accelerator @ Gran Sasso – Italy                 (1400 m rock -> 106 shielding factor) 

At lowest energy: σ ~ 20 fb  à  1 event/month At lowest energy: σ ~ 9 pb à  50 counts/day 

R. Bonetti et al.: Phys. Rev. Lett. 82 (1999) 5205 
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The electron screening effect must 

 be taken into account at such low energies  
 

However 

In the accurate measurements 
for the determination of 
nuclear cross-sections at the 
Gamow energy, in  laboratory, 
enhancement flab(E) –factor in 
the astrophysical Sb(E)-factor 
has been found 

(Assenbaum,Langanke,Rolfs: Z.Phys.327(1987)461) 

 
            E( KeV) 

S(
 E

) 
(M

eV
b)

 

3He + 2H à p + 4He 
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E

Sh bS S e
πη

∝ ⋅
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Electron Screening 

•  Phenomenological approach 

 
 

At astrophysical energies the presence of electron clouds must be taken into 
account in laboratory experiments.   

Enhancement in the  
astrophysical S(E)-factor 
S(E)s=S(E)bexp(πηUe/E) 

a
e R

eZZU
2

21=

(Assenbaum H.J. et al.: 1987, Z. Phys., A327, 461) 

For nuclear reaction induced in 
laboratory the target  and 

projectile nuclei are in the form 
of atoms. 

The atomic electron cloud 
surrounding the nucleus acts as a 
screening potential  Ue 
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Direct Measurements 

Engstler et al. 1992 

Stellar Screening ≠ 
Laboratory Screening 

Experimental 
 Data 

(Shielded) 

Extrapolation of Sb (Bare) 
Autofitting procedure 

Correction for stellar screening 
     (Debye-Hückel theory) 

An experimental measurement 

 of Ue allows: 
•  a determination of Sb 

(applications) 

•  to study electron screening in 
laboratory conditions and then 
in stellar plasma 

    E( KeV) 

S(
 E

) 
(M

eV
b)

 

3He + 2H à p + 4He 
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We need to be CLEVER: NEW IDEAS ARE NECESSARY   

- to measure cross sections at never reached energies 

 

Since direct measurement are extremely time consuming and 
difficult (at astrophysical energies) or sometimes beyond present 

possibilities  

Independent measurements of cross sections and electron 
screening potential  Ue are needed !!! 

- to retrieve information on electron screening effect 
when ultra-low energy measurements are available. 

INDIRECT METHODS 
ARE NEEDED 
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(both stable and instable beams) 

General Features: 
 
 

-2-body reaction of astrophysical interest is 
replaced by a proper reaction which is less difficult 
to study; 
-Nuclear theory is used for connecting the measured 
cross section  and the one of astrophysical interest 

   Methods: 
• Coulomb Dissociation 
• ANC & transfer reactions 
• Trojan Horse Method 
• Break-up of loosely bound nuclei 
• β-decay, resonant elastic scattering … 
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Indirect Methods

general characteristics:
• two-body reaction is replaced by three-body reaction
• relation of cross sections is found with the help of nuclear reaction theory

Coulomb dissociation

• study inverse of radiative
capture reaction
b(c, γ)a ⇔ a(γ, c)b

• use Coulomb field of
target nucleus X as
source of photons
a(γ, c)b ⇔ X(a, bc)X

⇓
absolute S factors
as a function of E

ANC method

• extract asymptotic
normalization coefficient
of ground state wave
function of nucleus c
from transfer reactions

• calculate matrix elements
for radiative capture
reaction b(c, γ)a

⇓
S factor at zero energy

Trojan-horse method

• study three-body reaction
A + a → C + c + b
with Trojan horse
a = b + x
and spectator b

• extract cross section of
two-body reaction
A + x → C + c

⇓
energy dependence

of S factor

electric field

target

projectile
X

a b
c

fragments

exc

exotic nucleus

stable nucleus

breakup
threshold

E    ~ few MeV

Coulomb Dissociation I

correspondence
(Fermi 1924, Weizsäcker-Williams 1932)

time-dependent electromagnetic field
of highly-charged nucleus X

during scattering of projectile a
!

spectrum of (virtual, equivalent) photons

idea

(G. Baur, H. Rebel, C. Bertulani, Nucl. Phys. A 458 (1986) 188)

radiative capture c(b, γ)a
detailed balance !

photo dissociation a(γ, b)c
equivalent photons in Coulomb field of target X !

Coulomb dissociation X(a, bc)X

only ground state transitions !

Electromagnetic field 

electric field

target

projectile
X

a b
c

fragments

exc

exotic nucleus

stable nucleus

breakup
threshold

E    ~ few MeV

Coulomb Dissociation I

correspondence
(Fermi 1924, Weizsäcker-Williams 1932)

time-dependent electromagnetic field
of highly-charged nucleus X

during scattering of projectile a
!

spectrum of (virtual, equivalent) photons

idea

(G. Baur, H. Rebel, C. Bertulani, Nucl. Phys. A 458 (1986) 188)

radiative capture c(b, γ)a
detailed balance !

photo dissociation a(γ, b)c
equivalent photons in Coulomb field of target X !

Coulomb dissociation X(a, bc)X

only ground state transitions !

Idea: Baur Bertulani & Rebel 1986 
Experimental applications: Motobayashi, Iwasa, Hammache, 
Heil et al. 
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FIG. 3. Comparison of S&7 extracted from the Coulomb
dissociation of B and the previous highest precision results.
The horizontal bars indicate the range of E„] over which the S
factor is averaged.

*Also at Department of Physics, University of Tokyo,
Hongo, Bunkyo, Tokyo 113, Japan.
~Present address: W. K. Kellogg Radiation Laboratory,
California Institute of Technology, Pasadena, CA 91125.
~Present address: Nuclear Physics Laboratory, University

center-of-mass energy. The Coulomb dissociation results
are consistent with the values of the 7Be(p, y)s B reaction
cross section measured by Filippone et al. and Vaughn
et al. Coulomb postacceleration effects are predicted to
require only a relatively insignificant correction to the
S factors.
The present results are encouraging for further studies.

As shown in Fig. 1 considerable yield is expected even
below a relative energy of 100 keV, which can be reached
by improving the present experimental setup for better
energy resolution and better signal-to-noise ratio. We
emphasize that the angular distributions for the F.l and F2
Coulomb dissociation are sufficiently different that these
amplitudes can be decomposed from data with a wider
angular range. We intend to improve the present result
to allow for an independent determination of 5~7(0) from
future Coulomb dissociation data. We are also continuing
our experimental efforts to extend the measurements to
higher incident sB beam energies, in an attempt to reduce
the uncertainty due to the E2 mixture and possible higher
order processes which depend on the incident energy.
We acknowledge discussions with F.C. Barker,

G. Baur, C.A. Barnes, C.A. Bertulani, C.W. Johnson,
B.T. Kim, K.H. Kim, and K. Langanke.

of Washington, Seattle, WA 98195.
1Present address: RIKEN (Institute of Physical and
Chemical Research), Hirosawa, Wako, Saitama 351-01,
Japan.

[1] G. Baur, C. A. Bertulani, and H. Rebel, Nucl. Phys. A458,
188 (1986).

[2] T. Motobayashi et al. , Phys. Lett. B 264, 259 (1991).
[3] J. Kiener et al. , Nucl. Phys. A552, 66 (1993).
[4] P. Decrock et al. , Phys. Rev. Lett. 67, 808 (1991).
[5] J.N. Bahcall, Neutrino Astrophysics (Cambridge Univer-

sity Press, New York, 1989).
[6] R. Davis, in Proceedings of the 7th Workshop on Grand

Unt'ftcation, Toyama, Japan, 1986, edited by J. Arafune
(World Scientific, Singapore, 1987); K. Lande, Bull.
Amer. Phys. Soc. 38, 1797 (1993).

[7] K. S. Hirata et al. , Phys. Rev. Lett. 63, 16 (1989);
K. Inoue, in Proceedings of the 28th Rencontres de
Moriond Electro Weak Interaction and Unified Theories,
Les Arcs, Savoie, France, 1993 (unpublished).

[8] J.N. Bahcall and R.K. Ulrich, Rev. Mod. Phys. 60, 297
(1988).

[9] J.N. Bahcall and M. H. Pinsonneault, Rev. Mod. Phys. 64,
885 (1992).

[10] S. Turck-Chieze et al. , Phys. Rep. 230, 57 (1993).
[11] F.C. Barker and R.H. Spear, Astrophys. J. 307, 847

(1986).
[12] C.W. Johnson, E. Kolbe, S.E. Koonin, and K. Langanke,

Astrophys. J. 392, 320 (1992).
[13] B.W. Filippone, S.J. Elwyn, C.N. Davids, and D.D.

Koetke, Phys. Rev. Lett. 50, 412 (1983); Phys. Rev. C
28, 2222 (1983).

[14] F.J. Vaughn, R.A. Chalmers, D. Kohler, and L.F. Chase,
Jr., Phys. Rev. C 2, 1657 (1970).

[15] B.W. Filippone, Ann. Rev. Nucl. Part. Sci. 36, 717
(1986).

[16] P.D. Parker, Phys. Rev. 150, 851 (1966).
[17] R.W. Kavanagh, T.A. Tombrello, T.A. Mosher, and

D. R. Goosman, Bull. Am. Phys. Soc. 14, 1209 (1969);
R.W. Kavanagh, Cosmology, Fusion and other Mat-
ters (Colorado Assoc. Univ. Press, Boulder, 1972),
p. 169.

[18] G. F. Bertsch and C.A. Bertulani, Nucl. Phys. A556, 136
(1993).

[19] G. Baur, C. Bertulani, and D.M. Kalassa, Nucl. Phys.
A550, 527 (1992).

[20] S. Typel and G. Baur, Phys. Rev. C 49, 379 (1994).
[21] C. Bertulani, Phys. Rev. C 49, 2688 (1994).
[22) T. Kubo et al. , Nucl. Instrum. Methods Phys. Res., Sect.

B 70, 309 (1992).
[23] G. Baur and M. Weber, Nucl. Phys. A504, 352 (1989).
[24] K.H. Kim, M. H. Park, and B.T. Kim, Phys. Rev. C 35,

363 (1987).
[25] K. Langanke and T.D. Shoppa, Phys. Rev. C 49, R1771

(1994).
[26] F.C. Barker, Aust. J. Phys. 33, 177 (1980); F.C. Barker,

Phys. Rev. C 37, 2920 (1988).
[27] H. Krauss, K. Griin, and H. Oberhummer, Ann. Physik

(Leipzig) 2, 258 (1993).
[28] P. Descouvemont and D. Baye, Nucl. Phys. A567, 341

(1994).
[29) S. Typel and G. Baur (to be published).

2683

Motobayashi et al 1994 



7 th Russbach Workshop on Nuclear Astrophysics 

Indirect Methods

general characteristics:
• two-body reaction is replaced by three-body reaction
• relation of cross sections is found with the help of nuclear reaction theory

Coulomb dissociation

• study inverse of radiative
capture reaction
b(c, γ)a ⇔ a(γ, c)b

• use Coulomb field of
target nucleus X as
source of photons
a(γ, c)b ⇔ X(a, bc)X

⇓
absolute S factors
as a function of E

ANC method

• extract asymptotic
normalization coefficient
of ground state wave
function of nucleus c
from transfer reactions

• calculate matrix elements
for radiative capture
reaction b(c, γ)a

⇓
S factor at zero energy

Trojan-horse method

• study three-body reaction
A + a → C + c + b
with Trojan horse
a = b + x
and spectator b

• extract cross section of
two-body reaction
A + x → C + c

⇓
energy dependence

of S factor
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TABLE IV. Resonance parameters.

Reference γ 2
1p (keV) γ 2

2p (keV) γ 2
1α (keV) γ 2

2α #1γ (eV) #2γ (eV)

[2] 354 450 19.8 4.27 12.8 88
Present work
(E1 = 312 keV)

280.9 271.4 12.5 6.1 8.8 ± 1.5 –

Present work
(E2 = 962.4 keV)

407.0 270.4 9.6 6.1 – 50.0 ± 8.0

5.4 keV b [2] within uncertainties. We note that the R-matrix
calculations show very little sensitivity to the variation of
the channel radius r0. Decreasing (increasing) r0 increases
(decreases) the integration region of the radial matrix element
for the nonresonant capture, i.e., increases (decreases) the
direct capture amplitude and decreases (increases) the resonant
part, so the total sum remains nearly constant. A variation of
the channel radius by 33% changes the S(0) factor by 5%. The
17% uncertainty of our S(0) astrophysical factor comes from
the (assumed) 16% uncertainty of the experimental data, the
10% uncertainty of the ANCs, which results in about a 2%
uncertainty in the S(0) factor, and a 5% uncertainty due to the
dependence of the S factor on the channel radius.

The most important difference between our fit and the
result in Ref. [1] is in the contribution of the nonresonant
capture to the ground state. The calculated S factor for the
external nonresonant capture to the ground state, along with
the total nonresonant S factor for captures to all observed
bound states, is shown in Fig. 6. As we noted above, the
absolute normalization of the nonresonant capture terms is
entirely determined by the corresponding ANC in the R-matrix

FIG. 6. (Color online) The astrophysical factor for the
15N(p, γ )16O reaction. The black squares are data from Ref. [1], the
blue triangles are data from Ref. [2], the solid red line is our calculated
S(E) factor for the channel radius r0 = 5.0 fm, the magenta dashed
line is the total nonresonant capture S factor given by the sum of the
nonresonant capture S factors to all eight bound states observed in
the present 15N(3He, d)16O experiment, and the violet dotted line is
the nonresonant capture S factor to the ground state.

approach. Because we have measured the ANCs, we can quite
accurately determine the contribution from the nonresonant
capture terms. At zero energy it contributes about 3.0% to
the total astrophysical factor. But the nonresonant capture
to the ground state, which contributes about 69% to the
total nonresonant S factor, is much more important when
calculating the total astrophysical factor due to its interference
with the resonant capture terms. We find that our calculated
nonresonant astrophysical factor for the capture to the ground
state is S(0) = 0.86 keV b, i.e., about 9 times smaller than
the S(0) obtained in Ref. [1]. It is the main reason why
our low-energy tail of the S factor goes lower than the
data in Ref. [1]. Because normalization of the nonresonant
capture amplitude is determined by the ANC, which has been
determined with 10% uncertainty, we do not agree with the
result obtained in Ref. [1] within the hard sphere approach.
Unfortunately, there is no explanation of the method used
to calculate the nonresonant capture terms in Ref. [1]. We
note that we also tried to fit the 15N(p, γ )16O data using
the expression given in Ref. [1] and failed to reproduce the
low-energy tail of the S factor for the same reason.

VI. SUMMARY AND CONCLUSION

The 15N(p, γ )16O reaction is an important astrophysical
process, which provides a leak from the CN cycle into the
CNO bi-cycle and CNO tri-cycle. It is contributed by the
resonance capture to the ground state through two strong 1−

resonances and nonresonant capture to the ground state, which
interferes with the resonant capture terms. To determine more
accurately the contribution from the nonresonant captures we
determined the proton ANCs for the ground and seven excited
states of 16O by measuring the angular distributions of the
peripheral 15N(3He, d)16O proton transfer reaction. To fit the
available experimental astrophysical factors from Refs. [1,2]
we determined the resonant proton and α partial widths
by fitting the available experimental data for the stronger
and better measured reaction 15N(p,α)12C. Our astrophysical
factor in the energy interval 150–300 keV agrees well with
the data from Ref. [2] but goes slightly lower than the low
limit of data reported in Ref. [1]. This new astrophysical
factor, S(0) = 36.0 ± 6.0 keV b, obtained for 15N(p, γ0)16O
allows us to re-evaluate the rate of leak from the CN cycle
due to this reaction. In Ref. [1] it was estimated as the
ratio of the S(0) factors for 15N(p,α)12C and 15N(p, γ0)16O.
The S factor S(0) = 57 MeVb was used for 15N(p,α)12C.
However, the later measurements [22] gave the higher value
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The 15N(p, γ )16O reaction provides a path from the CN cycle to the CNO bi-cycle and CNO tri-cycle. The
measured astrophysical factor for this reaction is dominated by resonant capture through two strong J π = 1−

resonances at ER = 312 and 962 keV and direct capture to the ground state. Asymptotic normalization coefficients
(ANCs) for the ground and seven excited states in 16O were extracted from the comparison of experimental
differential cross sections for the 15N(3He,d)16O reaction with distorted-wave Born approximation calculations.
Using these ANCs and proton and α resonance widths determined from an R-matrix fit to the data from
the 15N(p,α)12C reaction, we carried out an R-matrix calculation to obtain the astrophysical factor for the
15N(p, γ )16O reaction. The results indicate that the direct capture contribution was previously overestimated. We
find the astrophysical factor to be S(0) = 36.0 ± 6.0 keV b, which is about a factor of 2 lower than the presently
accepted value. We conclude that for every 2200 ± 300 cycles of the main CN cycle one CN catalyst is lost due
to this reaction.

DOI: 10.1103/PhysRevC.78.015804 PACS number(s): 26.20.−f, 24.10.−i, 25.70.Gh, 27.20.+n

I. INTRODUCTION

The 15N(p, γ )16O reaction provides the path to form 16O in
stellar hydrogen burning, thus transforming the CN cycle into
the CNO bi-cycle and CNO tri-cycle. In stellar environments,
the 15N(p, γ )16O reaction proceeds at very low energies, where
it is dominated by resonant capture to the ground state through
the first two interfering J π = 1− s wave resonances at ER =
312 and 964 keV, where ER is the resonance energy in the
center-of-mass (c.m.) system [1,2].

Direct measurements of the 15N(p, γ )16O reaction have
been reported by Rolfs and Rodney [1] down to proton
energies of Ep ! 155 keV and earlier by Hebbard [2] for
proton energies down to Ep ! 220 keV. These measurements
disagree at energies below 300 keV by up to a factor of 2. To fit
their low-energy data to obtain an astrophysical S factor, Rolfs
and Rodney included the interference of the two 1− resonant
capture amplitudes with the nonresonant (direct) component
to the ground state of 16O. The direct capture term plays an
important role in their analysis and, to fit the data, they allowed
the spectroscopic factor (SF) for the 15N + p configuration in
the 16O ground state to vary.

The R-matrix amplitude for the radiative capture reaction
is given by the sum of the resonant and nonresonant (direct
capture) amplitudes. The channel radius r0 in the R-matrix
method divides the internal and external regions. The direct
capture contribution from the internal region (r < r0) is
absorbed in the resonance term. The nonresonant capture
amplitude is determined by the radial integral taken from
the channel radius r0 to infinity [3]. In the external region
r > r0, the bound-state wave function describing the final
state can be approximated by its asymptotic term. Hence the
nonresonant capture amplitude in the R-matrix approach is

proportional to the proton asymptotic normalization coefficient
(ANC).

To better understand the nonresonant capture part of
the low-energy astrophysical factor for 15N(p, γ )16O, we
measured the ANCs for proton removal from the ground state
and seven excited states of 16O. In previous studies [4–6]
we have shown that the (3He, d) proton transfer reaction at
incident energies of around 10 MeV/nucleon is a reliable tool
to determine ANCs. Here we report a measurement of the
ANCs using the 15N(3He, d)16O reaction. The ANCs are used
to determine, within the R-matrix approach, the direct capture
astrophysical S factors to the corresponding eight bound states.

II. EXPERIMENTAL SET UP AND RESULTS

The experiment was performed using a momentum ana-
lyzed 25.74 MeV 3He beam from the U-120M cyclotron at
the Nuclear Physics Institute of CAS incident on a nitrogen
gas target. The target gas chamber contained nitrogen gas
enriched to 99.99% 15N. The gas chamber windows were
3.05-µm-thick havar foils. The working pressure was kept
between 205 and 208 mbar and was monitored by a gas
control system, which registered the pressure and temperature
of the gas inside the chamber. Reaction products were observed
by a pair of $E-E telescopes consisting of 250-µm- and
3-mm-thick Si(Li) surface barrier detectors. Both telescopes
were equipped with a pair of collimating slits of dimensions
2 × 3 mm. The near and far slits were located 80 and 160 mm,
respectively, from the center of the target cell. The effective
target thickness at each reaction angle was determined by a
Monte Carlo simulation using the measured geometry of the
system. One telescope was fixed at 20◦ as a monitor and the
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dicted deviation over the angular range for which we have
good statistics is approximately 20%. If we fit our measured
angular distribution with the coupled-channels prediction,
the extracted 7Be!p↔8B ANC’s change by 3.5%. Further,
reducing one of the spectroscopic amplitudes by a factor of 2
yield ANC’s from the coupled-channels prediction that agree
with the DWBA results to within 0.5%. From this, we con-
clude that the impact of multistep effects on the measured
ANC’s is small. We have included a 3% contribution to the
uncertainties to account for this effect. A more detailed in-
vestigation of coupled-channel effects, including channel
coupling in the 7Be – 8B system and a full study of
14N(7Be,8B)13C, will be the subject of a future publication.
The relation between ANC’s and cross sections, i.e., Eq.

!12" and its equivalent equation for 14N, can be used to ex-
tract the ANC’s for 8B. However, individual contributions
from the p3/2 and p1/2 orbitals in the ground state of 8B could
not be disentangled to determine the ANC Cp1/2

2 . Therefore,
microscopic calculations were employed to determine the ra-
tio Cp1/2

2 /Cp3/2
2 to be 0.157 #37$, resulting in Cp3/2

2 values for
the 7Be!p↔8B reaction of 0.410"0.055 fm#1 and 0.379
"0.042 fm#1 for the 10B and 14N targets, respectively.
Equation !1" was then applied using these ANC’s to obtain
S17(0)$18.4"2.5 eV b and S17(0)$16.9"1.9 eV b for the
10B(7Be,8B)9Be and 14N(7Be,8B)13C reactions, respec-
tively.
In order to obtain a weighted average of the two values of

S17(0) reported above, a detailed consideration of all degrees
of correlation within the uncertainties of the two values was

undertaken. No correlation in the statistical uncertainties is
expected since the two experiments were performed indepen-
dently. Similarly, the Monte Carlo simulation parameters
were calibrated to the elastic-scattering data individually for
each experiment, hence, uncertainties due to the choice of
simulation parameters were independent for each experiment
and no correlations should exist. However, the choice of
optical-model parameters for the elastic scattering and, in
turn, for the transfer reactions was derived using the same
methods described in Sec. VI. Therefore, a 100% correlation
for the uncertainties in the DWBA calculations was adopted.
A detailed account of the uncertainties in each experiment is
presented in Table II. Including the 100% correlation in the
optical-model calculations into the averaging process, we ob-
tain weighted average values of Cp3/2

2 $0.388"0.039 fm#1

and S17(0)$17.3"1.8 eV b. Figure 12 presents a chrono-
logical compilation of reported value for S17(0), including
direct reactions, Coulomb dissociations, and ANC methods.
As can be seen in this figure, our result for S17(0) is in good
agreement with the current adopted value of S17(0)$19#2

!4

eV b #12$. Furthermore, it is consistent with the most re-
cently reported values of S17(0) from both direct reaction #7$
and Coulomb dissociation #15$ experiments.

TABLE II. Contributions to the uncertainties in S17(0).

10B(7Be,8B)9Be 14N(7Be,8B)13C

Statistical 3.9% 2.5%
Monte Carlo 2.4% 1.4%
Absolute normalization 6.4% 5.0%
ANC of second vertex 7.6% 4.9%
DWBA 8.1% 8.1%
Multistep effects 3.0% 3.0%

Total 13.6% 11.2%

FIG. 11. Fit of the measured transfer reaction angular distribu-
tions. The dashed lines were obtained from DWBA calculations for
the individual proton orbital angular momentum transfers. They
were summed to obtain the total predicted angular distributions
!solid", normalized to the total cross sections inferred from the
Q-value fits in Fig. 10. All curves have been corrected for finite
angular resolution.

FIG. 12. Time-line compilation of experimental results reported
for S17(0) identified using first author’s names in chronological
order: Kavanagh #38$, Parker #2$, Kavanagh #3$, Vaughn #4$, Filip-
pone #5$, Motobayashi #13$, Kikuchi #14$, Hammache #6$, Iwasa
#15$, Azhari #21,22$, Hass #7$, and present result. The shaded re-
gion represents the current adopted range for S17(0) #12$.

A. AZHARI et al. PHYSICAL REVIEW C 63 055803

055803-10

Asymptotic normalization coefficients and the 7Be„p ,!…8B astrophysical S factor
A. Azhari,1 V. Burjan,2 F. Carstoiu,3 C. A. Gagliardi,1 V. Kroha,2 A. M. Mukhamedzhanov,1 F. M. Nunes,4 X. Tang,1

L. Trache,1 and R. E. Tribble1
1Cyclotron Institute, Texas A&M University, College Station, Texas 77843

2Institute for Nuclear Physics, Czech Academy of Sciences, Prague-Řež, Czech Republic
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We consider the results of two proton transfer reactions, 10B(7Be,8B)9Be and 14N(7Be,8B)13C, to obtain a
weighted average of the measured asymptotic normalization coefficients for the virtual transition 7Be
!p↔8B. These coefficients specify the amplitude of the tail of the 8B overlap function in the 7Be!p channel,
and are used to calculate the astrophysical S factor for the direct capture reaction 7Be(p ,#)8B at solar energies,
S17(0). In light of recent improvements in the determination of optical-model potentials, including detailed
understanding of the correlations between the DWBA analyses of the two experiments, and a new experimental
measurement of the asymptotic normalization coefficients for the virtual transition 13C!p↔14N, we report a
weighted average asymptotic normalization coefficient of Cp3/2

2 "0.388#0.039 fm$1 for 8B↔7Be!p , which
implies S17(0)"17.3#1.8 eV b.

DOI: 10.1103/PhysRevC.63.055803 PACS number!s": 25.60.Je, 26.65.!t, 26.20.!f, 25.60.Bx

I. INTRODUCTION

High-energy neutrinos from the $! decay of 8B, pro-
duced in the 7Be(p ,#)8B reaction at solar energies (%20
keV", are the major source, if not all, of the observed neutri-
nos in existing and planned solar neutrino experiments
!Homestake, Kamiokande, Super-Kamiokande, SNO, etc."
&1'. The observed deficit of 8B neutrinos, when compared to
solar model predictions, has focused much attention on the
7Be(p ,#)8B reaction rate, which is acknowledged as the
most poorly known rate in the nucleosynthesis chain produc-
ing 8B. Thus, the measurement of the 7Be(p ,#)8B reaction
cross section at solar energies, or alternatively the astro-
physical factor S17(0), is considered to be of high priority.
To date, six direct measurements of this cross section

have been performed with quoted uncertainties of less than
10%. However, uncertainties involved in the use of radioac-
tive 7Be targets, together with extrapolation of the S factor to
relevant energies, have proven challenging in these measure-
ments. Each experiment provides a determination of S17(0)
to (10%, but two of these results &2,3' are near 25 eV b,
three &4–6' are near 18 eV b, while the most recent measure-
ment &7' reports a value near 20 eV b. All of the experiments
that measure excitation functions are consistent with the pre-
dicted energy dependence of S(E) &8–11', indicating this
discrepancy is due to unresolved problems in absolute nor-
malizations. The most recent review of solar fusion rates
adopted the value S17(0)"19$2

!4 eV b &12', making S17(0)
the most uncertain input for solar model calculations. This
review also emphasized the importance of indirect determi-
nations of S17(0) that are sensitive to different systematic
effects from those present in the direct cross-section mea-
surements. Results from three indirect measurements, based
on Coulomb dissociation of 8B, have been reported &13–15'.
However, the values of S17(0) from these measurements
cover a broad range, roughly 13.5 to 22.2 eV b. Also, the

reliability of Coulomb dissociation to determine astrophysi-
cal S factors at stellar energies, to high accuracy, has not yet
been verified &12'.
At solar energies direct capture processes proceed through

the tail of the nuclear overlap function &8', discussed in Sec.
II. This is especially applicable to the 7Be(p ,#)8B reaction,
given the very weakly bound proton in 8B. For a fixed bind-
ing energy, at distances larger than the nuclear radius, the
shape of this tail is determined by the Coulomb interaction,
so the capture rate can be calculated accurately if one knows
the amplitude of the tail. The asymptotic normalization co-
efficients !ANC" for 7Be!p↔8B specify the amplitude of
the tail of the 8B overlap function in the two-body channel
when the 7Be core and the proton are separated by a distance
that is large compared to the nuclear radius. At these dis-
tances the overlap function is proportional to a Whittaker
function, where the proportionality constant is the ANC. The
ANC can be determined from measurements of nuclear re-
actions, such as peripheral nucleon transfer, where cross sec-
tions are orders of magnitude larger than the direct capture
reactions themselves. Therefore, it provides a convenient ap-
proach to determine direct capture S factors at very low en-
ergies, including zero energy. In a previous study, this tech-
nique was tested by comparing directly measured S factors
for 16O(p ,#)17F, for both the 5/2! ground state and the 1/2!

first excited state, with those obtained from ANC’s measured
in the peripheral proton transfer reaction 16O(3He,d)17F, and
agreement of better than 9% was found &16'. More recently,
good agreement was found in a comparison of the directly
measured S factor for 12C(n ,#)13C*(1/2!,3.09 MeV" with
that obtained from the ANC measured in the 12C(d ,p)13C*
reaction &17'.
An earlier experiment attempted to measure the ANC’s

for 7Be!p↔8B with the reaction 2H(7Be,8B)n &18'; how-
ever, interpretation of that experiment was complicated by
uncertainties in the choice of optical-model parameters
&19,20'. We have performed and reported, in two short pa-
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Trojan Horse Method 

Main  application:  

Charged particle bare nucleus 
cross section measurements at 
astrophysical energies   

Basic idea: 

It is possible  to extract 
astrophysically the relevant two-
body cross section  σ 
 

B + x  à  C + D 
 
from quasi- free contribution   
of an appropriate three-body 
reaction 
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-The A nucleus present a strong 
cluster structure: A = x ⊕ S clusters 

-The S cluster acts as a spectator 

(it doesn’ t take part to the reaction) 
and retains the same momentum it had 
in the entrance channel 

-The x cluster (participant) interacts 
with the nucleus B   

B + x  à  C + D 
 

Quasi-Free mechanism 
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from quasi- free contribution  of an 
appropriate three-body reaction 
 

A + B  à  C + D + S   

Coulomb Barrier Suppression 

 

Once Coulomb barrier is overcome 
by TH nucleus the astrophysical 
reaction can take place without 
any evident suppression 
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In Plane Wave Impulse Approximation (PWIA) the cross section 
of the three body reaction can be factorized into two terms 

corresponding to the two vertices   

 The cross section for Quasi-Free mechanism PWIA 

d Ω d Ω dE 
d3σ 

D c C ∝   

 
KF 

KF       kinematical factor 

 

 
[Φ(q)xs]2 

First vertex 

|Φ(qxS)|2 describes the intercluster (x-S)  momentum 
               distribution 

 

 x + Bà C + D dΩ 
dσ 

( dσ/dΩ)  two-body cross section of  the virtual reaction  x + Bà C + D 

Second 
vertex 
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Second vertex  
virtual reaction    x+BàC + D 

virtual decay of  nucleus  A->x+S First vertex 
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Pole invariance II TROJAN HORSE PARTICLE INVARIANCE STUDIED WITH . . . PHYSICAL REVIEW C 83, 045801 (2011)

FIG. 15. Experimental 7Li(p,α)4He excitation function (filled
circles) extracted by means of the THM using 3He as Trojan
horse nucleus, compared, after normalization, with direct data (open
symbols) in the whole energy range.

reanalysis of the experimental momentum distribution for the
relative d-p motion in 3He is reported in Fig. 13.

The line superimposed onto the experimental data is again
the Eckart function. The very good agreement confirms that
the QF mechanism is the dominant process in the selected
phase space region. As in the previously examined case, only
events with |ps | ! 30 MeV/c are used for the further analysis.
In Fig. 14 the number of events projected onto the Ecm axis is
shown as a function of the spectator momentum interval.

We can clearly see how going from plot (a), corresponding
to events with |ps | ! 20 MeV/c, the number of events is
greatly decreasing, until becoming negligible for conditions
far away from QF ones [plot (c)]. This is taken as one of the
most evident signatures of the quasifree mechanism.

In Fig. 15 the comparison of the direct and indirect
excitation functions is presented in the whole explored energy
range. The filled circles represent the indirect data while
the direct ones [29,32,34] are reported for comparison and
normalization. The agreement is evident throughout the whole
energy range. The data extracted through d breakup from [18]
are shown in Fig. 16 as open circles superimposed onto the
filled ones. We can see that both resonances are reproduced
and the agreement within the whole excitation function is very
good also in this case. This gives a further validity test of the
TH nucleus invariance in a different case and simultaneously
above and below the Coulomb barrier. Also at lower energies
the behavior is coherent with data extracted from d breakup as
reported in [35].

FIG. 16. Experimental 7Li(p,α)4He excitation function extracted
by means of the THM using 3He (filled circles) and deuteron (open
circles [18]) as Trojan horse nucleus. The two data sets are normalized
to direct data separately.

VIII. CONCLUSION

In this paper a full investigation of the 6Li(3He,αα)H
reaction is presented. The QF contribution is extracted and
the THM applied to retrieve information on the TH nucleus
invariance of the 6Li(d,α)4He cross section at energies above
and below the Coulomb barrier. A good agreement with the
direct data is achieved as well as with THM data from 6Li
breakup in the whole energy range. The TH particle invariance
is also validated for the 7Li(p,α)4He cross section extracted
by means of 3He breakup in the 7Li(3He,αα)2H three-body
reaction. Also in this case the agreement with direct data as
well as with THM data obtained from the deuteron breakup is
evident (see [14]).

We conclude that the PWA is valid in both cases and that
the use of a different spectator particle does not influence the
THM results.
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4He
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2H n

FIG. 12. Different breakup schemes adopted for studying the
7Li(p,α)4He reaction. In (a) the process is studied after 3He breakup
while in (b) after deuteron breakup.

The THM cross section is corrected for the penetrability
factor (below the Coulomb barrier) which also make it
possible the comparison of half-of-shell and on-shell data [27].
The penetrability factor is, as usual, described in terms of the
regular and irregular Coulomb functions [3]. In particular, due
to the presence of the l = 2 resonant state in the entrance 6Li-d
channel, a function describing the nonresonant l = 0 term as
well as one describing the l = 2 term was taken into account
to get the THM data. For each contribution two different
normalization coefficients were determined by comparison
with the direct data (following the same procedure reported
in [6]).

The measured cross section, extracted by the THM, is
compared, after normalization, in the Ecm = 0.4–5 MeV
energy range with several data sets present in the literature
[28–31] (Fig. 10). The agreement is very good throughout
the whole energy range after normalization of the indirect to
direct data. Moreover the resonance at about 3 MeV (corre-
sponding to the 25.2 MeV, 2+, energy level in 8Be) is clearly
reproduced.

The investigation of this energy range is not relevant for
astrophysical implications for the 6Li depletion [33] but it
provides a strong validity test for THM. In fact, as in [6],
the excitation function extracted in an indirect way does
indeed reproduce the direct data both below and above the

FIG. 13. Momentum distribution for p inside 3He obtained as
reported in the text.

FIG. 14. Relative energy spectra for different intervals of
the spectator momentum: (a) 0 ! |ps | ! 20, (b) 20 ! |ps | ! 40,
(c) 50 ! |ps | ! 70 MeV/c. The decrease of the number of events
as soon as one goes away from the QF condition (ps ≈ 0 MeV/c) is
assumed as a clear evidence of the presence of the QF mechanism.

Coulomb barrier. Another interesting aspect of this analysis
is the possibility of studying the TH nucleus invariance
of the QF mechanism [14]. It is assumed, in fact, that changing
the spectator particle in the QF process (on which is founded
the THM) does not give any change to the binary reaction
of interest. If we zoom in on the energy range 0.4–1 MeV
in the present data, we can compare data for the 6Li(d,α)4He
arising from the 6Li(3He,αα)H reaction (present work) with
the ones extracted from6Li(6Li,αα)4He [3,13] (see Fig. 11).
The agreement is very good within the experimental errors.

VII. THE 7Li( p,α)4He REACTION VIA DEUTERON
AND 3He BREAKUP

The 7Li(p,α)4He reaction was already studied with the same
method extensively discussed before for 6Li(d,α)4He. Again a
test on the TH nucleus invariance was performed and results
from the deuteron and 3He breakup are compared. In Ref. [18]
the 7Li(p,α)4He was studied through the deuteron breakup
while in [14] 3He breakup was investigated. The two different
breakup schemes are reported in Fig. 12. The same standard
analysis already presented in this paper was performed for
the 7Li(p,α)4He (as reported in [14]), studied through the
3He breakup via the 7Li(3He,αα)2H three-body reaction.
Here, results with the total collected events are presented. A
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(a)   3He break-up 
(b)   D break-up 
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7 th Russbach Workshop on Nuclear Astrophysics Advantages: Simple & cheap 
Experimental setup 

Beam energy much higher than 
Barrier 

Angles were selected in such a way 
that the yeld from (the probable) 
quasi-free mechanism is maximum 

Beams and Targets cheap. 
Detectors set-up simple 

THM: study of the 7Li(p,α)4He reaction from 
the 3-body one:	



2H(7Li,αα)n	


TH nucleus deuteron, Ebeam= 19,5 MeV @ 

LNS  Catania	



2H 

p 
7Li 

n 

a 

a 

Good ideas make research possible in tough times!! 
CD2 Target 
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Data Analysis Phases: 

 

-  Find the 3-body reaction of interest among the ones occurring in the 
target. 

-  Separate the quasi-free mechanism from all the others 

-  Measure the binary reaction cross section from the three body one 

-  Normalization and comparison to direct data: validity test and 
measurement of astrophysical interest 

-  Extraction of electron screening potential, reaction rate and so on. 
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1  Find the 3-body reaction of  interest among the 
ones occurring in the target. 

 

•  The case of  7Li(p,α)4He studied via the 7Li(d,αα)n 
with THM applied to the deuterium. 

 

    D was chosen since its simple clusterization and low 
binding energy. 7Li was chosen as beam with energy 
19.5 MeV (why??) 
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Eqf. = ELip– B 

  Where  
 
ELip is the beam energy in the center of  mass of  the two body 
reaction  
 
B is the binding energy of  the two clusters inside the Trojan Horse 
nucleus and plays a key role in compensating  for the beam energy 
 
In our case: Eqf nearly 0   (ASTROPHYSICAL CASE) 
 
Eqf  is the energy between the interacting 7Li and transferred particle p. 
Thus part of  the beam energy is necessary to break deuteron up. 
 
Once the beam energy is chosen we should choose kinematic conditions. 

 

2H 

p 
7Li 

n 

a 

a 
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Experimental setup 
Tandem,INFN-LNS,  
7Li 19,5 MeV  
3 Position Sensitive Detectors 
 
Target: deuterated polyethylene 

α= 60± 7 
PSD 

α = 55 ± 6  PSD 

α = 73± 6 PSD 

BEAM 
ENERGY 

 E=19,5MeV 

Angles were selected in such a way that the yeld from 
(the probable) quasi-free mechanism is maximum       
(2 particles detected, one not – full kinematics) 
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is a hard task 
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… but problems are  
usually fixed 
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•  Experimental angles are chosen  to 
maximize the quasi-free contribution. 
Once beam energy is selected only for 
some angular pairs we will have quasi 
free conditions, i.e. for deuteron case 
ps=0. 

 One can calculate these conditions 
imposing this and finding the 
corresponding angular pairs. 
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•  Once detectors are calibrated 
particles should be identified  

 (by means of  usual DE/E 
techniques).  

 

• After doing this, the expected channel 7Li(d,aa)n  
should be discriminated from other reactions 
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•  To verify the calibration and to select the reaction among 
all the others occurring between target and projectile the Q-
value spectra and kinematic locus are studied. 

Then cuts are made in the kinematic locus as well as in 
the Q-value spetrum to ensure only events due to the 
correct reaction are analysed. 
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Show the presence of  quasi free-mechanism 

•  Clear evidences of  quasi free mechanism should be found: 

 -angular correlation; 

 -momentum distribution; 

 

i.e. events should be correlated properly with momentum 
distribution of  the spectator. 

Rejection of sequential mechanism and after… 
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Rejection of sequential mechanism 

•  Mechanisms other than QF must be 
disciminated and not taken into account in the 
further analysis. One example: sequential 
mechanisms 

2H 

p 
7Li 

n 

a 

a 

2H 

5Li* 
7Li 

a 

n 
a 

These processes have same ejectiles of QF but proceeds via 
Some intermediate status.They are clear in relative energy spectra  
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Not present in our case, another cases where there are 
evident signatures of sequential decays: 

present in 
correspondence 
of arrows 

a) 8.40 MeV (11C) 

b) 8.70 MeV (11C) 



7 th Russbach Workshop on Nuclear Astrophysics 

14/06/16 

Evidences of  quasi free 
mechanism: angular correlation 

•  We should see an increase in 
coincidence yeld in 
correspondance of QF angles 
(angles where the QF process is 
more likely). 

•  This is a necessary condition for 
the existence of QF mechanism 

•  This behaivour allows to extract a 
momentum distribution to be 
compared with theory. 

Ps=1 
MeV/c 

Ps=-4 
MeV/c 

Ps=-14 
Mev/c 

Ps=-27 
Mev/c Ps=16 

MeV/c 

Ps=25 
MeV/c 

Ps=34 
MeV/c 

Ps=43 
MeV/c 
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•  The momentum distribution of  
the third (undetected particle) 
should reflect the theoretical 
momentum distribution of  
proton inside deuteron (e.g. 
Hulthen function) 

Evidences of  quasi free mechanism: 
momentum distribution 

By measuring the 3-body cross 
section if a narrow energy range 
is selected one can measure the 
momentum distribution 
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By measuring the 3-body cross section and assuming  dσ/dΩ constant (if a 
narrow energy range is selected), after calculating KF one inverts and get Φ(ps)
… 

The obtained trend can be 
compared with the Hulthen 
function (describing the relative 
p-n motion in deuteron) and 
make us confident that the 
process is “mostly” QF. 

Further analysis will be 
performed after removing 
sequentail decay (if any) and 
for low spectator momenta         

 (e.g. <30, ps<k=(2mxsB)1/2 
polar momentum applicability) 
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•  Once it is estabilished the QF 
contribution only these data 
(ps<30 MeV/c) will be 
considered for further analysis. 

•  Distortions in the momentum 
distributions are taken into 
account (Pizzone et al. 2005&2009) 

•  Next step is to extract the cross 
section of  astrophysical interest 
from the measured 3-body one. 
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Measured 
 

KF  |Φ(q xs)| 2 
∝ 

Calculated 
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Indirect binary cross 
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Extraction of  the cross section of  
astrophysical interest 
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Dividing the yeld of the 
3-body reaction (meas.) 
by                 
(calculated) one gets the 
nuclear cross section (dσ/
dΩ)Ν	



KF  |Φ(q xs)| 2 
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Extraction of  the cross section of  
astrophysical interest 
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Dividing the yeld of the 
3-body reaction (meas.) 
by                 
(calculated) one gets the 
nuclear cross section (dσ/
dΩ)Ν	
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below the   Coulomb barrier 
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Comparable with direct data 
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Example for 
7Li(p,α)4He 

THM data (2003)	



Direct data 	



• 
• 
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Angular Distribution 
•  The validity test is performed: the angular distribution in 

the indirect case should reproduce the direct one 

THM data reproduce 
fairly well the direct 
data (dashed line) 

θCM(deg) 

θCM(deg) 

THM Data (va1-vp)*(v-vα2) 
|va1-vp|*|v-vα2| 

cosθcm= 
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Extraction of  S(E) factor 
•  After measuring the cross section the astrophysical S(E)-

factor can be easily deduced.  

 
σ (E) =   1/E    exp(-2πη)     S (E)  

THM results should 
be normalized to 
direct data at the 
higher energies and 
polynomial fits can 
be deduced 
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•  If one assumes that THM gives the bare nucleus S factor (according 
to its properties)  then by comparing it with direct data one can get 
the electron screening potential 

bare  

shielded 

eU
E

Sh bS S e
πη

∝ ⋅

Screening 
potential 



•  In case resonances are present a more advanced approach 
has been applied   

 (see ref. Tribble et al. Rep. Progr. Phys 77, (2014) 106901) 

14/06/16 
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n For the 3He(d,p)4He case (La Cognata et al. 2005): 

Ue (theo) Ue
(THM)  3He+d Ue (Dir) 3He+d 

115 eV 155 ± 15 eV 175 ± 30 eV 

The reaction 3He(d,p)4He 
is important for 

primordial nucleosynthesis 
as well as stellar one. 

OTHER RESULTS 
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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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INTRODUCTION 
Classical Novae Gamma-ray emission  is dominated, 

during the first hours of the explosion, by positron 
annihilation resulting from the beta decay of radioactive 
nuclei. The main contribute to this process arises from the 
decay of the 18F [1]. Therefore it is directly related to 18F 
production and destruction during the outburst. Among 
the physical inputs, which are necessary to uncover the 
18F nucleosinthesis a crucial role is played by the proton 
captures. The abundance of 18F depends largely on few 
reaction rated among which the 18F(p,α)15O is present.  

Measuring cross sections at astrophysical energies (in 
the case of novae nucleosynthesis few hundreds keV)  in 
the case of charged particle induced reactions is very 
difficult and this becomes an almost impossible task in 
the case of radioactive ion beams induced reactions. In 
order to by-pass these problems indirect methods are 
usually applied and among them one of the most powerful 
in the case of charged particle induced reactions is the 
Trojan Horse Method (THM) [2,3,4]. 

In particular, the THM selects the quasi-free (QF) 
contribution of an appropriate three-body reaction 
performed at energies well above the Coulomb barrier to 
extract a charged particle two-body cross section. The 
idea of the THM is to extract the cross section of an 
astrophysically relevant two-body reaction  A(x,c)C at 
low energies from a suitable chosen three-body quasifree 
reaction A(a,cC)S. This is done with the help of direct 
theory assuming that the nucleus a  has a strong x,S 
cluster structure. In many applications this assumption is 
trivially fulfilled e.g. a = deuteron, x = proton, S=neutron. 
This three-body reaction can be described by a Pseudo-
Feynmam diagram, where only the first term of the 
Feynman series is retained. 

The upper  pole  describes the virtual break-up of the 
target nucleus a into the clusters x and S; S is then 
considered to be spectator to the A(x,c)C reaction which 
takes place in the lower pole. In the present case we plan 
to study the 18F(p,α)15O through the 18F(d,α15O)n (see 
figure 1 for the present case); thus the deuteron will act 
like Trojan Horse nucleus, p as participant and neutron as 
spectator.  

* 

 
 
 
 
Figure 1: Schematic sketch of the 18F(p,α)15O studied by 
means of the THM 
 

Once the three body reaction cross section is 
determined (by means of 15O and α detection in 
coincidence)  it is possible to extract the binary reaction 
cross section of interest (in our case the 18F(p,α)15O) at 
the energies of astrophysical interest. 

In the simplest approach, the plane wave impulse 
approximation, the three body cross section can be 
factorized as:  

 
dσ/dEa dΩa dΩ15O  ∝ (KF) |Φ(ps)|2 dσN/dΩ 
 
where KF is a kinematical factor containing the final 

state phase space factor, |Φ(ps)|2 is the momentum 
distribution of the spectator neutron  inside deuteron, and 
dσN/dΩ is the differential nuclear cross section for the 
two body reaction 18F(p,α)15O  [5,6]. 

 
The experiment was performed at the Cyclotron 

Institute of the Texas A&M University where the K500 
cyclotron provided an 18O beam as a primary beam at 9 A 
MeV. The K150 cyclotron was  used in the beginning of 
the run for the same purpose, but problems to the 
injection line prevented to use this machine for the entire 
run. The MARS  spectrometer was then used to get a  18F 
beam via the p(18O,18F)n reaction, after energy 
degrading of the primary beam by means of 1.25 mils Al 
                                                             
* Visiting Scientist, Cyclotron Institute, TAMU, College Station USA 
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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 
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Experimental setup 3 

How ASTRHO looks like in reality  
(before PPAC explosion...) 
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INTRODUCTION 
Classical Novae Gamma-ray emission  is dominated, 

during the first hours of the explosion, by positron 
annihilation resulting from the beta decay of radioactive 
nuclei. The main contribute to this process arises from the 
decay of the 18F [1]. Therefore it is directly related to 18F 
production and destruction during the outburst. Among 
the physical inputs, which are necessary to uncover the 
18F nucleosinthesis a crucial role is played by the proton 
captures. The abundance of 18F depends largely on few 
reaction rated among which the 18F(p,α)15O is present.  

Measuring cross sections at astrophysical energies (in 
the case of novae nucleosynthesis few hundreds keV)  in 
the case of charged particle induced reactions is very 
difficult and this becomes an almost impossible task in 
the case of radioactive ion beams induced reactions. In 
order to by-pass these problems indirect methods are 
usually applied and among them one of the most powerful 
in the case of charged particle induced reactions is the 
Trojan Horse Method (THM) [2,3,4]. 

In particular, the THM selects the quasi-free (QF) 
contribution of an appropriate three-body reaction 
performed at energies well above the Coulomb barrier to 
extract a charged particle two-body cross section. The 
idea of the THM is to extract the cross section of an 
astrophysically relevant two-body reaction  A(x,c)C at 
low energies from a suitable chosen three-body quasifree 
reaction A(a,cC)S. This is done with the help of direct 
theory assuming that the nucleus a  has a strong x,S 
cluster structure. In many applications this assumption is 
trivially fulfilled e.g. a = deuteron, x = proton, S=neutron. 
This three-body reaction can be described by a Pseudo-
Feynmam diagram, where only the first term of the 
Feynman series is retained. 

The upper  pole  describes the virtual break-up of the 
target nucleus a into the clusters x and S; S is then 
considered to be spectator to the A(x,c)C reaction which 
takes place in the lower pole. In the present case we plan 
to study the 18F(p,α)15O through the 18F(d,α15O)n (see 
figure 1 for the present case); thus the deuteron will act 
like Trojan Horse nucleus, p as participant and neutron as 
spectator.  

* 

 
 
 
 
Figure 1: Schematic sketch of the 18F(p,α)15O studied by 
means of the THM 
 

Once the three body reaction cross section is 
determined (by means of 15O and α detection in 
coincidence)  it is possible to extract the binary reaction 
cross section of interest (in our case the 18F(p,α)15O) at 
the energies of astrophysical interest. 

In the simplest approach, the plane wave impulse 
approximation, the three body cross section can be 
factorized as:  

 
dσ/dEa dΩa dΩ15O  ∝ (KF) |Φ(ps)|2 dσN/dΩ 
 
where KF is a kinematical factor containing the final 

state phase space factor, |Φ(ps)|2 is the momentum 
distribution of the spectator neutron  inside deuteron, and 
dσN/dΩ is the differential nuclear cross section for the 
two body reaction 18F(p,α)15O  [5,6]. 

 
The experiment was performed at the Cyclotron 

Institute of the Texas A&M University where the K500 
cyclotron provided an 18O beam as a primary beam at 9 A 
MeV. The K150 cyclotron was  used in the beginning of 
the run for the same purpose, but problems to the 
injection line prevented to use this machine for the entire 
run. The MARS  spectrometer was then used to get a  18F 
beam via the p(18O,18F)n reaction, after energy 
degrading of the primary beam by means of 1.25 mils Al 
                                                             
* Visiting Scientist, Cyclotron Institute, TAMU, College Station USA 



Recent TH results: n-producing reactions 

d 

13C 

6Li 

n 

QF break-up  

16O α 

Ø  6Li beamà the TH nucleus is the beam; 
Ø  Neutron in the exit channelà we need to detect the 

charged spectator (deuteron); 
Ø  Measurement of the sub-threshold level -3 keV 

ANC of importance for astrophysics; 
Ø  THM reaction rate higher by a factor 2 with respect 

the literature. 



Recent TH results: n-induced reaction 

p 

17O 

2H 

α 

QF break-up  

n 14C 

Ø  Two experimental runs performed in Catania and 
South Bend (Notre Dame University); 

Ø  First detection of the 8125 keV level as 17O-n (l=3); 
Ø  No centrifugal effects in the entry channel; 



7 th Russbach Workshop on Nuclear Astrophysics 

14/06/16 

•  Once we have the S(E)-factor it is possible to 
calculate the reaction rate in the astrophysical 
environment: 

  
RaB = (1+δaB ) Na  NB <σv> aB   

 

Na , NB  = number of reacting particles  

a, B per cm3 

 

δaB=  Kronecker symbol 

<σv> aB  = ∫0 v σ(v)  φ(v) dv     with φ(v)  Maxwell 
Boltzmann statistic distribution 



7 th Russbach Workshop on Nuclear Astrophysics 

14/06/16 

 

A -  It is possible  measure the bare nucleus cross section σb ( or the 
bare nucleus Astrophysical Factor  Sb(E) ) at  Gamow  energy for 
reactions involving charged particles and neutron. 

       No extrapolation  

B -   It is possible to measure   excitation function in  a “   relatively”  

       short  time  because typical order of magnitude for a three- body 

       cross- section is mb;  

C -   One of the few ways to measure the electron screening effect; 

        comparison with direct data; 
D -    Possibility (already verified) of  application to the  radioactive 
beam measurements; 
        
 

Pro’s The advantages of the THM 
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•  It can be used with stable or Radioactive beams (measurements 
available 18F(p,a)15O (Cherubini et al. 2015 @CRIB, Pizzone et al 
2016 @TAMU) 

•  It can be used with neutron induced reactions (n,p) and (n,a) 
reactions (Gulino et al 2010 & 2013) 

•  It can be used for interaction of RIB’s and neutrons 
(experiment done in CRIB (18F(n,a)15N) & Legnaro LNL 
(7Be(n,a)4He), (see NIC 2016 conference).                              
New experimental run in collaboration with CNS (S. Hayakawa, 
H. Yamaguchi et al.) beam@CRIB  in 2016. 
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Main limitations of the  method 
 

TH Method is complementary to direct 
measurements as well as other indirect methods. 

Con’s 

A-  Preliminary study of quasi-free mechanism and  
     tests of validity are necessary. 
   - Presence  of different 3-body reaction mechanisms  
         (Sequential Decay – Quasi-Free) 
B- No absolute cross section is measurable: 
    -The excitation functions  at energies above/below  Coulomb  
     barrier must be known from direct  measurements; 
C- Measurements  with high angular and  energy   
    resolutions are needed; 
D-Theoretical analysis is needed: 
   - PWIA, MPWBA      
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Part 5: astrophysical 
aplications 
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Lithium is important for:   

•  Probing stellar interiors and structure (need of  
abundances measurements, stellar modeling, Astro-
seismology) 

•  Probing Primordial nucleosynthesis and early 
universe 

•  Fusion reactors and electron screening application 

•  Reaction involved: 7Li(p,a)4He & 6Li(p,a)3He 
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Fig. 3. Time-evolution of the lithium surface abundance (mass frac-
tion) during the PMS phase for the Sun. The solid line represents a
calculation performed using the FRANEC code with the rate for the
7Li(p, ↵)4He taken from Angulo et al. (1999). The dashed line repre-
sents the same model calculation with the cross-section extracted in
Lattuada et al. (2001).

opacity (Rogers & Iglesias 1995) and equation of state (Rogers
& Iglesias 1996), and the mixing length parameter ↵ = 1.9;
the initial helium abundance is Y = 0.269 and the metallicity
Z = 0.0198.

Since the evolution of lithium abundance will be described
from the PMS phase, we took as the initial value of lithium
abundance the meteoritic value, 9.9 ⇥ 10�9.

Two di↵erent calculations have been performed using the
FRANEC code: in the first case, we adopted the cross-section
of the 7Li(p,↵)4He given by the NACRE (Angulo et al. 1999)
compilation. The second calculation was performed by assum-
ing as the cross-section the THM one reported in Lattuada et al.
(2001). As it was expected the di↵erence is quite small and is
around 5%. In Fig. 3 we report the trend of lithium abundance
versus stellar age (expressed in units of 106 years) for the Sun
during the PMS phase. The solid line represents the calculation
performed using the rate of the 7Li+ p! ↵+↵ extracted from
the NACRE compilation while the dashed one represents the
result for the THM measurement of the cross-section.

In the MS phase the lithium abundance decreases, mainly
due to microscopic di↵usion, as sketched in Fig. 4; again the
solid line represents the calculation performed using the rate
reported in the NACRE compilation (Angulo et al. 1999) while
the dashed one represents that obtained by using the THM
cross-section. The same ↵, metallicity, primordial helium and
physical inputs were assumed for both phases.

Thus the present measurement of the 7Li(p, ↵)4He S (0)-
factor does not significatively change the superficial lithium
abundance for the present Sun, with respect to the NACRE
compilation as expected because of the small discrepancy be-
tween the two rates. As expected, the “Lithium problem” for
the Sun as well as for the population I and II (and hence the
time evolution of the lithium abundance) is not solved even ap-
plying the THM and the observed lithium surface abundance
is not reproduced by the model. Incidentally, we notice that
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Age [Gyr]

10−11

10−10

10−9

X7L
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Fig. 4. Time-evolution of the lithium surface abundance during the MS
phase for the Sun. The solid line represents a calculation performed
with the rate for the 7Li(p, ↵)4He taken from (Angulo et al. 1999).
The dashed line represents the same model calculation with the cross-
section extracted in (Lattuada et al. 2001). The vertical dotted line
marks the present age of the Sun.

our results for the solar lithium abundance are in agreement
with the ones of Piau & Turck-Chieze (2002), who adopt sim-
ilar physical inputs with time steps in the PMS adjusted to
the 7Li burning time at the bottom of the external convec-
tive zone. Other mechanisms and uncertainties should be taken
into account in order to solve the “Lithium problem” such as
the e�ciency of convection in the external envelope of stars,
non-standard mixings, rotation, uncertaintes on opacity and the
equation of state (see e.g. Swenson et al. 1994; Morel et al.
1997; Brun et al. 1999; Imperio et al. 2001). A better evaluation
of the role and relative weight of each one of these mechanisms
will provide more reliable bases to the astrophysical models.

As for the second issue, Big Bang nucleosynthesis has
emerged as one of the pillars of the Big Bang Model and probes
the Universe to the earliest times, from a fraction of a second
to hundreds of seconds.

According to the Standard Big Bang model (Malaney &
Mathews 1993) for T  109 K the formation of light nuclei (up
to A  7) from protons and neutrons is possible. Consistent
amounts of these primordially synthesized elements should
be found nowadays in appropriate astrophysical contexts. The
Standard Big Bang model has the very powerful feature that
prediction for production of light elements (2H, 4He, 7Li) is
primarily dependent only on one free parameter, the baryon-to-
photon ratio ⌘ (which is connected to the baryon density of the
Universe). Starting from this, the measured primordial abun-
dances can be fitted up to 10 orders of magnitudes (Schramm
& Turner 1998).

In this way a comparison between theoretically calculated
yields and observed primordial abundances of such elements
can be performed in order to test the Standard Big Bang
Nucleosynthesis (SBBN). Moreover it is possible (Copi et al.
1995) to infer hints about the relevant cosmological parameter
⌘ and therefore ⌦B.

Lithium surface abundance for the Sun,  
Good agreement with NACRE results 
 
RPG et al., A&A 2003  
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Table 4. Physical parameters of selected evolutionary models that re-
produce the observational values for HD 68284 and HD 130551 re-
ported in Table 3. α indicates the adopted mixing length value.

M (M!) Z Y α

0.89 0.004 0.27 2.2

0.92 0.004 0.27 1.8

0.97 0.004 0.24 1.8

0.99 0.004 0.27 1.5

0.99 0.006 0.24 1.9

Fig. 2. The behaviour of 6Li abundance during the PMS phase. Solid
lines refer to the same model (M = 0.97 Z = 0.004 Y = 0.24 α = 1.76)
calculated with the THM upper and lower limits on 6Li burning cross
sections respectively. The region between the long-dashed lines rep-
resents the range of variation allowed by different choices of stellar
masses, chemical compositions and efficiency of the external convec-
tion for the selected stars shown in Table 4 (see text).

We can thus calculate the variation of 6Li and 7Li abun-
dances in PMS for the models with different physical parame-
ters, reported in Table 4 with respect to the uncertainty on these
abundances due to the errors on THM measurement.

The variation of lithium abundances due to the present un-
certainties in the physical inputs other than nuclear cross sec-
tions are not taken into account because they are not relevant
for the present analysis.

Figures 2 and 3 shows the behaviour of 6Li and 7Li abun-
dances as a function of time during the PMS phase. The solid
lines represent the results for the upper and lower limit of THM
cross section (error from normalization is included)

for a given combination of stellar parameters (M =
0.97 M! Z = 0.004 Y = 0.24α = 1.76). The region between the
long-dashed lines represents the range of variation allowed by
the different choices of the stellar parameters shown in Table 4.
Figure 3 shows the 7Li behaviour with the same meaning for
the represented lines. As expected, 7Li is quite undepleted as
indicated by the survival of a detectable amount of 6Li.

It is evident that the variability range of 6Li and 7Li abun-
dances due to different stellar parameters is very much wider
than that due to the cross section uncertainties. This means that
the problem of the surface lithium abundances is not at the nu-
clear physics level but is an astrophysical problem that requires
improvements in our knowledge of the mixing mechanisms,

Fig. 3. 7Li abundance during the PMS phase. Same description as
in Fig. 2.

the reduction of the uncertainties on the other (non-nuclear)
physical inputs, and more precise observational data. The bare
nucleus cross section, at least for lithium burning reactions at
stellar energies, are now well determined.

5. Conclusions

Measurements of the 6Li(p,α)3He bare nucleus cross section at
astrophysical energies using the indirect Trojan Horse Method
lead to an agreement at the 10% level with the results of data
extrapolations from direct methods, which are thus confirmed.
The systematic discrepancy between experimental data and
the adiabatic approximation for screening calculations, already
found in direct experiments, is confirmed too. The implications
of these new THM results for the problem of 6Li abundance
in stellar surfaces have been discussed showing that the bare
nucleus cross sections for lithium burning reactions are now
well determined and that the solution of the problem of light
elements destruction in stars lies elsewhere.
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Lithium Destruction in disk stars: astrophysical  
Uncertainties vs. nuclear inputs 

Solid lines: THM uncertainties for 
nuclear rates 
Dashed lines: Astrophysical uncertainties 
(mass=0.9-1 MO,He abundance 
=0.24-0.27, convection efficiency) 
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7 th Russbach Workshop on Nuclear Astrophysics •  Light elements depletion: 

Reaction involved: 9Be(p,a)6Li, 10,11B(p,a)7,8Be 

 

Depletion of LiBeB can give hints to transtort mechanisms in stars…  

But their nuclear burning must be well understood 

 

 

 

Spitaleri, C. et al. 2004, Phys. Rev. C, 69,055806 
Spitaleri, C. et al. 2014, Phys. Rev. C, 89, 032049 
Wen et al. 2008 PRC, 78, 035805 
Lamia et al. 2015  APJ 



7 th Russbach Workshop on Nuclear Astrophysics Primordial nucleosynthesis is one of the pillars of the current  
Cosmological models.  
 
Main evidences of Standard Big Bang scenario: 
 
•  Galactic expansion (Hubble Law) from SN measurements,  
•  Cosmic Microwave Background radiation probes the universe   
   at time around 3x105 years after BB 
•  Primordial nucleosynthesis probes the universe at around 
   1-20 minutes after Big Bang!! 

  The only in the radiation dominated era 
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 Pizzone R.G.  et al.: 2003, A.& A, 9, 435  
 Pizzone R.G. et al.: 2014, APJ, 786, 14 
 Tumino A et al. APJ 2014 785, 45 
  
  

•  Isotopes produced in the first phases of  the BBN can give 
information on the childhood of  our universe 

Reactions involved: d(d,pt), d(d,n)3He, 3He(d,p)4He, 7Li(p,a)4He 

and their impact on astrophysics evaluated 
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•  AGB Nucleosynthesis: 

•  Reactions of interest for the AGB nucleosynthesis were 
studied and their impact on astrophysics evaluated 

15N(p,a)12C, 18O(p,a)15N, 19F(p,a)16 O, 19F(a,p)22N … 

La Cognata M ASTROPHYSICAL JOURNAL   708, 796-811  2010  

La Cognata M, PHYSICAL REVIEW LETTERS   101   152501   2008 

Palmerini et al. 2011 APJ 741 26 
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Table 1
Reduced and Observable Partial Widths from R-matrix Fits

ER J π γp γα0 Γp Γα0

(MeV) (MeV1/2) (MeV1/2) (MeV) (MeV)

From modified R-matrix (Equation (3))

12.957 2+ 0.110+0.007
−0.012 0.068 (9.6+1.2

−2.0) × 10−12 0.038

13.048 4+ 0.690+0.069
−0.049 0.0446 (1.22+0.14

−0.17) × 10−11 0.010
13.222a 0+ . . . . . . . . . . . .

13.224a 1− . . . . . . . . . . . .

13.226 3− 0.305+0.020
−0.026 0.086 (8.1+1.0

−1.4) × 10−8 0.053

From standard R-matrix (Lane & Thomas 1958)

13.529 2+ 0.0410 0.0561
13.586 2+ 0.0825 0.0904
13.642 2+b 0.0581 0.0467

Notes. Resonance energies, spin parities, and α0 partial widths are fixed to the values in the literature (Tilley et al. 1998) in the
modified R-matrix fitting.
a The contribution of these resonances is assumed to be negligible in the fitting.
b The spin-parity assignment to this resonance is ambiguous, also J π = 0+ is reported (Tilley et al. 1998).

ones of the 13.529, 13.586, and 13.642 MeV 20Ne states.
The normalization error accounts for reduced widths of these
states different from the ones in Table 1, but still leading to
an S(E)-factor in agreement with the direct one within the
quoted uncertainties. The experimental energy resolution was
accounted for by smearing the calculated TH cross section
to match the shape of the peak at about 0.75 MeV. Such a
procedure, described in La Cognata et al. (2009), yielded an
energy resolution of 60 keV. The normalized γp and γα0 are
listed in Table 1. In the calculation, the Γα0 partial widths, being
essentially the total widths, were kept fixed at the values in the
literature (Tilley et al. 1998), as well as the energy and spin parity
of each resonance. The d2σ/dEcmdΩn best-fit cross section
obtained from Equation (3) is shown together with the TH data
in Figure 2 (middle red line, χ̃2 = 2.1). The top and bottom
lines mark the upper and lower limits set by the statistical and
normalization errors. A good fit is obtained without including
non-resonant contributions.

Values of γp and γα0 from the fitting were then used
to evaluate the resonance contribution to the on-energy-shell
(OES) 19F(p,α0)16O astrophysical factor, according to standard
R-matrix formulae. This is possible as in the modified
R-matrix approach the same reduced widths appear as in the
OES S(E)-factor, the only difference being the absence of any
Coulomb or centrifugal penetration factor in the entrance chan-
nel (see Equation (3)). The OES S(E)-factor calculated with
γp and γα0 in Table 1 is shown in Figure 3. Since the TH
cross section provided the resonance contribution only, the non-
resonant part of the cross section was taken from Angulo et al.
(1999). The middle red curve represents the S(E)-factor ob-
tained using the parameters from the best fit, while the red
band arises from the uncertainties in the resonance parameters
of the 12.957, 13.048, 13.222, 13.224, and 13.226 MeV 20Ne
states, namely the errors introduced in the present calculations
(statistical + normalization).

The main result of the present work is the estimate of
the contribution of the 12.957 MeV 20Ne level to the total
astrophysical factor, as it is responsible of a resonance at
113 keV, well inside the energy range of astrophysical interest.
Moreover, a lower limit has been established for the contribution
of the 13.222, 13.224, and 13.226 MeV 20Ne states, to satisfy the
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Figure 3. R-matrix parameterization of the 19F(p,α0)16O astrophysical factor.
Above 0.6 MeV, the reduced partial widths were obtained through an R-matrix fit
of direct data (open circles from Isoya et al. 1958, black squares from Caracciolo
et al. 1974, black triangles from Breuer 1959). Below 0.6 MeV, the resonance
parameters were obtained from the modified R-matrix fit (Figure 2). Values of
γps and γα0 s are all listed in Table 1. The non-resonant contribution is taken
from Angulo et al. (1999). The curve obtained with the best-fit parameters is
given by the middle line, the red band highlighting the region allowed by the
uncertainties (statistical + normalization) on the fitting parameters (Table 1).
(A color version of this figure is available in the online journal.)

condition set by Lorentz-Wirzba (1978); Herndl et al. (1991);
Yamashita & Kudo (1993), namely the dominance of direct
reaction mechanism in the 0.14–0.6 MeV energy range. These
levels yield resonances at ∼0.4 MeV, thus their role is marginal
below 0.3 MeV, except if the strengths of the 13.222 and
13.224 MeV resonances were very large, which seems to be
excluded within the errors of the direct data (Lorentz-Wirzba
1978; Herndl et al. 1991; Yamashita & Kudo 1993).

5. REACTION RATE AND CONCLUSIONS

The reaction rate R for the 19F(p,α0)16O reaction was
calculated using the astrophysical factor in Figure 3 by means
of standard equations (Rolfs & Rodney 1988; Iliadis 2007).
The best-fit curve (middle line in Figure 3) was used and the
upper and lower limits provided the uncertainty range. The
results are displayed in Figure 4: in panel (a) the reaction

4
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Novae Nucleosynthesis: 
Reactions of interest for the Novae nucleosynthesis 
were studied and their impact on astrophysics will be 
evaluated 
17O(p,a)14N, 18F(p,a)15O, 18F(n,a)15O  
 
Sergi et al., PRC 2010 79 045801 & 2015 91 065803 
Cherubini et al., PRC 2015 92 015805 
R.G. Pizzone et al. EPJ 2016 
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The Nuclear Astrophysics Group @ Catania 

•  International Collaborations 
•  Cyclotron Institute, Texas A&M, USA: R. Tribble, A. Mukhamedzhanov 
•  C.N.S. Riken, Wako, Japan: S. Kubono, H. Yamaguchi 
•  Riken, Wako, Japan: T. Motobayashi  
•  CIAE, Beijing, China: S. Zhou, C. Li, Q. Wen  
•  Institute for nuclear research, Rez, Czech rep.: V. Kroha, V. Burjan, J. Mrazek 
•  Texas A&M Commerce USA: C. Bertulani 
•  INFN LNL: M. Mazzocco 
•  Nipne IFIN Bucharest: L. Trache 
•  Atomki, Debrecen, Hungary: G. Kiss 
•  CSNSM, Orsay, France : A. Coc , F. Hammache, N. De Sereville 
•  Florida State University USA: I. Wiedenhofer 
•  Notre Dame University USA: M. Wiescher 
•  University of Pisa: S. Degl’Innoccenti, P. Prada Moroni 
•  RSE INP Alma Aty Kazakhstan: N. Burtibaiev 
•  Rudjer Boskovic Institute Zagreb Croatia: N. Soic, M. Milin, D. Miljanic  
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E. Böhm-Vitense   Introduction to Stellar Astrophysics, vol. 3 

   Cambridge University Press, 1992 
 
D.D. Clayton   Principles of stellar evolution and nucleosynthesis 

   The University of Chicago Press, 1983 
 
C. Bertulani   Nuclear Physics in a Nutshell 

   Princeton Univ. Press  
 
C.E. Rolfs and W.S. Rodney  Cauldrons in the Cosmos 

   The University of Chicago Press, 1988   
C. Iliadis    Nuclear Physics of Stars - Wiley 

     Further reading 

R. Boyd:   Nucl. Phys. A693 (2001) 249-257   Big Bang Nucleosynthesis  
C. Rolfs:   Progr. Part. Nucl. Phys. 46 (2001) 23   Nuclear reactions in stars  
Thielemann et al.:  Part. Nucl. Phys. 46 (2001) 5-22   Element synthesis in stars 
Spitaleri et al:  Phys. Rev. C (2001)  055801   Trojan Horse Method 

BOOKS 

REVIEW 
PAPERS 

Not an exhaustive list!! 
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