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Overview

Nucleosynthesis in our universe (apart from H, He and partly Li) mainly takes place inside
stars. Stellar objects can be considered — in first approximation — as an isotropic system of
self-gravitating particles, whose equilibrium can be described by the virial theorem:

1
<T>=—§<U>

Being T the total kinetic energy and U the gravitational potential.

To mantain its equilibrium, a star must than spend half of the gained gravitational energy
(gained by contraction) to rise its temperature. The other half will be lost by radiation.

While the temperature increases, the contraction slows down due to the increasing internal
pressure. This is caused by internal energy production, e.g, nuclear fusion
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Overview (charged particles)

Particles inside stars can interact with each other due to the rise in temperature, and the
probability is governed by the Maxwell-Boltzmann distribution, P o« exp(-E/KT).

The energies involved are of the order of hundreds of keV (tail of the MW distribution) or
lower. This value is several orders of magnitude lower than the Coulomb barrier (usually

some MeV).
. . MAXWELL - BOLTZMANN
Reacion are possible due to DISTRIBUTION

the tunnel effect: the « exp (-E/kT)

convolution between the %
Maxwell-Boltzmann O
distribution and the o TUNNELING
tunneling probability, P o & e . BT
exp[-(Ex/E)2], gives rise to L (LY xexp (VEG/E)
the so-called Gamow = /
window o //
55 //////////,,,,..-
T Eo ENERGY

[D. D. Clayton, Principles of stellar evolution and nucleosynthesis, 1983]

08/09/2020



Overview (Nuclear quantities/1)

Reaction rate for two interacting particles (a and A)

1/2 0

_ 8 1 E

r = (1 + 6aA) NaNA <T[_‘Ll) (kT)3/2 J Ea(E)eXp (— ﬁ) dE
0

N, and N, = number of interacting particles
u = reduced mass

k = Boltzmann constant

T = temperature

o(E) = cross-section as a function of the energy E
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Overview (Nuclear quantities/2)

Cross section o: probability for a certain reaction (scattering, direct capture, resonant
capture, compound nucleus...) to occur

_ ]out
]incpT

being J; . and J, the flux of incoming and outgoing particles and p;the surface density
of target particles

Astrophysical S-factor, S(E)
S(E) = Ea(E)exp(2mn)
withn = Z,Z,af, being a the hyper-fine constant structure and £ the relative velocity In

units of ¢
The n parameter (Sommerfeld parameter) gives a measurement of the Coulomb

interaction
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Overview (Nuclear quantities/4)

CROSS SECTION o(E)
(log. scale)
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Direct methods

At low energies, the presence of the Coulomb barrier strongly decreases the
cross-section, and the presence of background noises makes the detection of the
reaction really difficult, when not virtually impossible.

For example, the p + p —»d + e* + v, typical of our sun (T = 1.5 - 107K, Eg= 0,45
MeV, the weakest in the pp-chain) has total cross section ¢ = 1023 b,
corresponding to one event every 1000000000 years!

To gain information over such «unlikely» events it is possible:
* Increase the beam intensity

* Increase the density of the target

* Increase the solid range

« Enhance the signal-to-noise ratio reducing the backround noise (cosmic rays,

environmental radioactivity, noise from electronic devices)
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Direct methods/2

Any of the previous possibilities has its drawbacks:

* High intensity beams can gererate a spatial chage that will heat up the target,
modifying its structure (density and chemical composition) or destroying it

« High density target will worsen the resolution of the outgoing particles
» Increasing the solid angle range (e.g. using wide detectors placed near the

target) can be useful, but there are limitations regarding the beam direction
and the high count rates.

08/09/2020



Direct methods/3

Regarding the signal-to-noise ratio, it is possible to reduce it shielding the
detectors. To do so, deep underground laboratories are necessary (cosmic rays),
along with thick shields (natural radioactivity)

— — ~ Earth's surface (1000 m a.s.l.), no shield
— Gran Sasso, 5 cm Ph shield
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Direct methods/4

Nonetheless, low energy measurements are time consuming and poses a
technological challenge.

At low energies, cross-section is usually extrapolated
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[Rolfs, Cauldron in the cosmos, 1988]
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Indirect methods

When direct measurements are not feasible, indirect measurements can be used
to calculate the cross-section and astrophysical S(E) factor at low energies (even
Zero).

In particular, our group is invoved in experiment regarding

« Trojan Horse Method (THM)
« Asymptotic Normalization Coefficient (ANC) Method
Such measurements are complementary to direct measurements: In particular the

THM can retrieve the cross-section in arbitrary units, relying on normalization over
direct measurements
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Indirect methods: THM

Three-body reaction:

A+a—-c+C+s

Used to trigger the two-body one A+ x —-c+C
a: X + s cluster

C (RESONANT REACTION)

Two-body reaction Quasi-free Mechanism (QF):

» The x cluster (participant) interacts
Ea> Ecou with the nucleus A.
« NO coulomb suppression
PP » The s cluster acts as a spectator
(ps~0 in the cm).

Spectator momentum
distribution

cferlo(i)]

« NO electron screening

HOES
d’o

dE. ,, d<2 dQ,,

do

\ d€2

2-body cross section
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Indirect methods: THM/2

Using The Modified R-matrix [Lane & Thomas 1958, Rev. Mod. Phys; La Cognata et
al. 2011,ApjL] formalism, In the case of a resonant THM reactionthe cross section
takes the form

d2c NFZ(ZJ. o1 ke, o szli(chRcC)Mi(prRxA)yciCypicA
AEy,d i l Hec Di(Exa)

« NF is a normalization factor

2

 J. the spin of the i-th resonance

© ke(Exa) = V2ucc(Exa + Q)R (Q is the reaction Q-value, E,, the x — A relative energy)

« P, the penetration factor
* R,, and R the channel radi

« M(E) is the amplitude of the transfer reaction (upper vertex) that can be calculated
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THM — Cross-section and S(E)-factor for

the ¥F(a,p)?°Ne

S(E) = Ec(E)e?™

105
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Ecm. (MeV) Ecm. (MeV)

[D’Agata et al., ApJ, 2018]



THM — Reaction rate for the °F(a,p)%?Ne

01 02 03 04 05 06 81 02 03 04 05 06

Ty [10°K] Ty [10°K]

[D’Agata et al., ApJ, 2018]
Reaction rate inside the Gamow window at AGB temperatures
(2108 K< T <4108 K) is higher by a factor of 3+5
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Indirect methods: ANC

ANC:

* |ndirect method

« Widely used to gain informations about DIRECT RADIATIVE

CAPTURE

Studies performed by means of «simple» transfer reactions

X=(Y+a) %

B=(A+a)
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Indirect methods: ANC/2

In Distorted Wave Born Approximation, the transition amplitude between the states
before and after the reactions can be written as:

MCE;Bem) = ) (7 1
Mg

av| 1 )

Here:

(+)

and X are the distorted wave for exit and entrance channels

o X}_)

« AV is the perturbative part of the complete potential

- [5 and I{, are the radial overlap functions of the two systems Y+a and A+a
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Indirect methods: ANC/3

Both overlap functions (in general I;,) can be approximated with the bound wave ones
®n,1,,j.(Tap) through the equation

1
_ o /2
bl j.Tab) = SabilejPrelec (Tap)

1
The factor S /2 is called spectroscopic factor, that depends on the potential

a,b,lc,jc

Still, the experimental angular distribution Z—g can be reproduced by means of DWBA calculations

do W
d_ﬂ = Z SAa:lb:jBSYCl:lx:jxO-lB:jb;lxrjx
JB,Jx
The direct radiative capture cross-section at low energies contains the same radial overlap
integral as the direct transfer reactions: at large distances from the nucleus,

W—nc,lc+1/2 (ZKab rab)

c c
ab,lc,jc (rap) — Cab,i,,j, o
a
Tab>RN W—nc,lc_l_l (ZKabrab)
(rap) —— -
‘Pnc,lc Je Tap ab,l¢,jc Top
a
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Indirect methods: ANC/4

Coefficients b? and C? are called single particle ANC (SPANC) and ANC. If we use the
approximations explained so far, the differential cross-section is equal to

O.DM_/BA
d_O' — (CB _ )Z(CX _ )2 LB/ JB Ly, jx
do. — Aa,lp,jB Ya,ly,jyx bz b2

jB,jx Aa;lB;]b Ya:jx;jx

2 2
— 2 (lea,lB,jB) (Cé(arlx»jx) RlB’jB’lx’jx

J'B'J'x

Using DWBA we were able to find the ANC'’s coefficients from the spettroscopic factors.
This gives us some advantages:

« For perihperal reactions, ANCs have small dependance from the potential

. . - 2
Ry, jp1.j. 1S nearly indipendent from b
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ANC- Cross-section for the °Be(p,y)i’B

ANC values for 4 states

102~

Agreement between values from
‘Be(1°B,°Be)1°B and °Be(3He,d)1°B

R-Matrix fit [Sattarov et al., Phys.
Rev. C, 1999] gave S, = 3.98 +
0.12keVb @269 keV

[Mukhamedzhanov et al, Phys. Rev. C.,

1997]
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Thanks for your attention!




ANC - Reaction peripherality for

"Be(p.y)°B

To verify the peripherality of the °Be(p,y)°B reaction, several checks are
necessary:

1) Optical potential were deduced from angular distributions

\ Different values of R .« are used to

L prove the small dependence of the
& internal part of the wave function

5

- 100

—
e

=
e 50

o

O

0

6 8
Oc.m. (deg) [Mukhamedzhanov et al, Phys. Rev. C., 1997]
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ANC experiments for nuclear astrophysics

@ NPI-CAS — Experimental set-up

The cyclotrone U120M

~ isable to provide 3He

- and d beams - useful
g for (p,y) and (n,y)

reactions via (*He,d)
and (d,p) - atcirca
10-20 nA intensity in a
various range of
energy.
Our experimental
chamber is the

one in the center
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ANC experiments for nuclear astrophysics
@ NPI-CAS — Experimental set-up
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ANC experiments for nuclear astrophysics

@ NPI-CAS — Experimental set-up

Experiments performed
by means of several AE-
E telescopes made by
silicon detectors (30-
5000um, depending on
the particle of interest)
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ANC with mirror pairs

A relation between ANC of mirror pair nuclei has been established [Timofeyuk et al., Phys.
Rev. C, 2003; Trache et al., Phys. Rev. C, 2003] and has been applied to many reaction (for
example 8B(p, y)°C [Guo et al., Nucl. Phys. A, 2005])

2"Mg and 2P are mirror pairs, and the proton ANC can be extracted using the relation

2 2

27P 2 27Mg ) _ Fl(ikpRN)
(Cl.j ) =R(Cij ),WIthR—

kpRle(iknRN)

Here Fj is the regular Coulomb wave function, j; the Bessel function, Ry the radius of the
nuclear interior, while k,, and k,, are related to proton and neutron separation energies €,

1
/
and e, via k = (225) **. Here a realtion between T, and |C,,|? has been found [Timofeyuk
n hz p

et al., Phys. Rev. C, 2003]:
2

Fp — Rl" ~ RTes — Kp Fl(KPRN)
|Cp | 0 2 KpRle(iKnRN)
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ANC- Reaction peripherality for

"Be(p.y)°B

2) Study of the radial part of the wave function in the asymptotic region

Asymptotic behaviour of the single-
particle bound state of the wave
function for different Wood-Saxon
parameters

After 4fm the behaviour is identical to
the Whittaker function

re, 13 (fm-1/2)

r (fm) [Mukhamedzhanov et al, Phys. Rev. C., 1997]
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ANC- Reaction peripherality for

"Be(p.y)°B

3) Different behaviour between ANC and SF

1
0.9F .
0.8F Comparison between the
0.7f - 3 dependence of SF and ANC on
g: " SPANC
9 0.4F e
0.3 E . As can be seen C? is way less
0.2EF model-dependent
0.1F
-~ 6
| L]
é i: v e ST +- 10%
N : L .s:3-0 ool % o3 i Foe s sk 2 s 3 o
© S5 3 35 4 45
b(fm 2) [Mukhamedzhanov et al, Phys. Rev. C., 1997]
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Experimental Set-up

v F(a,p)?’Ne was studied using THM applied to
®Li(*°F,p?°Ne)d
v V., =5.41 MeV

coul™

v' SLi has a cluster structure a+d, Eg=1,47 MeV

OLi d

19F 23Na*

AN NN

Experiment @ Rudjer Boskovic
Institute

°Li beam, E,.,,=6 MeV (i=5nA)
Target ‘LiF 100 uyg/cm?

Two AE-E telescopes (AE 9 um,
E 500 ym) + three PSDs (500

um)
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THM (channel selection) — channel selection for

the 9F(°Li,pd)?’Ne

| 1¥]
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O M " 1 M N M 1 " 1 1 1

—-0.5 0] 0.
Qg [MeV] Q... after selection. In blue a Gaussian
[D’Agata et al., ApJ, 2018] fit, with centroid at 0.19 and 0=0.16 MeV
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THM - Quasi-free selection for the 1°F(°Li,pd)**Ne

Deuteron momentum distribution inside SLi follows the square modulus of a Hankel
function (green line) [Pizzone et al., 2009 Phys. Rev. C, 80]:

Ps

Ps

1 -sin R, cos RC-
@) = N | ——+—2
p? Ls p
(+e2) LA
With
2TTp
kg = hs

R, = 1.11 fm (cutoff radius)

(47wE B
h

)"

In this case the FWHM, W(q,), is equal to
W(q,) =53 £ 7 MeV/c

arb. units
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100

[D’Agata et al., ApJ, 2018]
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Quasi-free Selection/2

The W(q,) must follow the trend [Barbarino et al. 1980 PhRvC; Pizzone et
al., 2009 Phys. Rev. CJ:

100
N
de
W(g) = fo(1—e /o) oy
0
p-.
here ~
" 50
/}
_>_—>._ﬁp+ﬁNe \g
0111'11111111111]111

In our case ;=190 MeV/c 200 400 600 800 1000

q (Mev/c)
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The experimental set-up allows to obtain
data between 120° and 160° in the C M.

system

(Vp — Uy) (ﬁNe B 1319)
Ocm = arccos — — —
|Vp — vallvNe — vpl

[Slaus et al, 1977, Nucl. Phys. A, 286]

Now it is possible to proceed with angular
Integration

L EC_M_< 0.3 MeV
151 a, , =4.74x107°
a,,-=1.05
10l a,, =1.24
5:
1
= [ =
.E } } t
> i 0.3 MeV < Ecu< 0.6 MeV
. 15F  a,, =3.49x10°
'E i a, - =1.40
(qv] 10  a. =162
N/ i
o) g
o : '
i 0.6 MeV < Ecp < 0.9 MeV
15  a,, =3.78x1077
i a, . =1.01
10 @, =1.27
5:
07 Il Il Il Il Il Il
90 100 110 120 130 140 150 160

Bcm. (deg)

[Pizzone, D’Agata et al. 2017, Ap]]
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Cross section/1

0.5 Table 2. Characteristics of the 2®Na, states included in the
present analysis. The measured central values, the J™ of the
) levels and the reduced widths involved in the R-matriz fit
_'(L) | calculations discussed in Pizzone et al. 2017 are also reported.
-E 04/ | Values marked with and asterisk are taken from Ugalde et
L al. 2008.
>
. Er Ec.Mm. i Y& Yo V!
O 0 3' [MeV] [MeV] [MeVY/2]  [MeV/?] [MeV'/?]
. U.
© . 10477 001 g/2+ 000105000 0.124 0.342
~ 10.616 0.149 5/2% 0.005519:9992 (087 0.327
S 0.2 10,823 D356 3@F o070 0.3 0.417
(_)' 16.807 0.44 BJ/2% 00007 D500, 0.054 0.350
G 10972 0.505 5/2% 0.009012:9902  0.044 0.184
Q 0.1 10.994 0.527 3/2+ 0.0050+3:9%92  0.011 0.079
b ' 11.038 DEFL 3o Qo027 oe 0.049 0.179
@) 11.100 0.642 5/2+ 0.01207399:2  0.016 0.096
11.273 0.806 3/2% 0.003* 0.045 0.279
0.0 11.280 0.812 3/2% 0.003* 0.127 0.320
11.303 0.836 32+ 0.003* 0.105 0.148
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About QF reactions

Beam energy and target must be chosen taking into account that the center-
of-mass energy of the two-body reaction in quasi-free condition must be as
near as possible to the Gamow energy:

qu = Eg- Bx_s = Egamow

In this formula

* Eg, is the energy of the projectile
In the center-of-mass reference
frame of the two-body reaction

* B, slis the binding energy of the
two components of the Trojan
Horse nucleus a
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THM conditions

 The A nucleus does not interact at the same times with the two components
of the cluster: this is true if the De Broglie wavelength of the A particle is less
than the average distance between x and S

« The probability for the inteaction between A
and x Is the same that should have in
case of a free particle. This also means
that s does non participate to the reaction

* The binding energy of the system x-S is A
negligible if compared with the
Interaction energy between A and x
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About the cross-section

A precise measurement of the cross-section is mandatory to extract the reaction

- fooo UBW(E)EQXP (_ kE_T) dE, with O-BW(E) Breit-

1
/
rate. In fact (ov) = (—) g

ur) (kT2
Wigner cross section ogy, (E) = Ao LY and
B 21 (E-ER)?+(7/,)’
2] +1 . L .
W = N GTeD (1+ 6,x). The last is a statistical factor which depends on the

spin of the compound nucleus J.., of the target J, and of the projectile J..

. . 2 2 h E
If the resonance is narrow and isolated (gv) = (—”) — wyl, (— —R).
ukT 41T kT

The statistical factor w times the width of the ratio y = 1112 s called strenght of a
tai diti o yo = ——5 (1+46,,) 22 and
certain resonance, and it is equal to yw = D@D + 8ax) =7, an

represents the key parameter to extract the reaction rate
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Gamow window

The reaction rate for a couple of particles is equal to:

8.\ /> E 1
0= ()" G, s (e

In astrophysical environment bh=13128.7.7 A1/2
such a window is really narrow 152

Can be approximated with

l a gaussian centered in E,
S(E)= SO constant - 3E,
(E - Eo)z) £ kT
(ov) = ,un (kT)S/ZQf “rP ( ZAK/ ak A =Gamow

window
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Electron screening

I |
E 3 :?J'::Eeus ELECTRON
X CLOUD . :
£ SHIELDED The cross-section is
o S NUCLEUS
2 X l ﬁ enhanced for low
% AN 3 energies of the projectile
©EL . I;;;EET;LE -
0 Ry R
DISTANCE r
do,(E +U,)
o.(E) If the screening figp = — e/ _
S . . .
figp = ——— == potential is bigger — m———p day,(E)
0, (E) than the beam energy -_£ exp (”"UT)

Reaction | U.(keV) | fup(U.JE =0.1) | fip(U./E = 0.01) | fip(U./E = 0.001) E+U, E

d+d 0.027 16.5 1.10 1.003

d + “He 0.11 20.9 1.11 1.003
‘He + “He 0.22 131 1.18 1.006

p + 'Li 0.24 14 1.09 1.003

a + 2C 2.0 868 1.25 1.007

Table 2.3: Some values of f,, for different reactions: even for U,/E = 0.01 the discrepancy is relevant
(E~ 3 - 30 keV )[Assenbaum et al., 1987]
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The Electron screening In stellar

environment

In stellar environment elecrons tend to cluster around positive ions. Such a
region is called Debye-Huckel sphere, and its radius is equal to

R < kT )1/2
b 4ne2pNA€

And so

ZaZAe2
fplasma = exp kTR,
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