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Overview

v Nuclear reactions of astrophysical interest

v" Introduction to the Trojan Horse Method (THM)

v RIB induced reactions of astrophysical interest measured via THM:
18F(p, &) 150
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Nuclear reactions of astrophysical interest

In astrophysical environments the energy required for particle interactions is
taken from Thermal Energy.

In particular, nuclear reactions take place if particles approach each
other with energy within the so-called Gamow window.

That is produced by the convolution of

the probability for penetrating the Coulomb barrier that goes down
rapidly with decreasing energy, and the Maxwell-Boltzmann distribution
of the energy

In main-sequence stars T~ 10°K then E=kT~ keV
In massive stars, stellar explosive scenarios or Big Bang nucleosynthesis T~ 10°K
E~ 0.5-1 MeV

Charged particles interact well below the Coulomb Barrier
Ecm (keV) << EcouI (MeV)

Tunnel effect
Poc exp(-2mtm) 2nm GAMOW factor

relative probability

Maxwell-Boltzmann
distribution
oc exp(-E/KT)

kT

Gamow peak

tunnelling through
Coulomb barrier

oc exp(m

energy



Nuclear reactions of astrophysical interest

@ Gamow energies ¢ in the range nanobarn - picobarn

: |

in general, cross section direct evaluation is
- severely hindered (1 ev/month)

- in some cases even beyond present technical possibilities.

A possible solution to evaluate these cross sections consist in using the

EXTRAPOLATION from data at higher energies

through the Astrophysical S(E)-factor S(E) =0 (E) e?™E
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The extrapolation could intfroduce systematic
uncertaintiesl!!!

non resonant No possibility to properly take into account the
effects of possible resonances



Nuclear reactions of astrophysical interest induced by RIB

Experimental approach is even more difficult for reactions involving RIBs

e Low beam currents for most isotopes (10° -102 pps)

e Limited beam-energies available = complicate to measure a whole excitation
function, especially at astrophysical energies;

but ...

Important reaction induced by RIB are involved is several astrophysical scenarios
some examples ...

Big Bang Nucleosinthesys: 8Li(a,n)!1B Novae explosive burning: *O(a,p)*’F
'Be(n, p)’Li 18F(p, )0
’Be(n, a)*He

Supernovae:  2%Al(n,p)**Mg
26Al(n, a)’Na



Trojan Horse Method Approach

The Trojan Horse Method (THM) is an indirect technique for the measurement of cross
sections at astrophysical energies of reaction between charged particles or neutron induced.

Basic idea:
It is possible to extract the two-body cross
section relevant for the astrophysics,

A+x >B+b
from the quasi- free contribution - G.Baur: Phys. Lett.B178,(1986),135
of an appropriate three_body reaction - C. Spitaleri: 5th Winter School On Hadronic Physics.

Folgaria, Italy, Feb 05-10, 1990
Problems Of Fundamental Modern Physics, li 21-36 (1991)

a+A —>B+b+s - R. E. Tribble, et al. Rep. Prog. Phy. 77 106901 2014
- C. Spitaleri et al. Eur. Phys. J. A (2016) 52: 77
- A. Tumino et al. Annu. Rev. Nucl. Part. Sci. 2021 71 1-33



Trojan Horse Method Approach

THM is based on the quasi-free break-up mechanism a+A—=>B+b+s

eaisthe “TH nucleus”a=x®s spectator
* Beam energy higher that a - A Coulomb barrier a_>.5_>
* a— Ainteraction —> a break-up inside the nuclear field

* The participant x interacts with A-> two body process S

. . . —
* Coulomb effects and electron screening are negligible ‘\
A + x — B + b Half-Off-Energy-Shell (HOES) A b
 Cluster s acts as a spectator
* In quasi-free conditions the two body E.. is the beam energy in the center of mass of the two body
interaction takes place at: reaction
F -F .—B B,.. binding energy of the two clusters inside the Trojan Horse
cm™ =xA X-S

nucleus that plays a key role in compensating for the beam energy

A key feature for RIBs Thanks to the x-s inter-cluster motion inside a, it is possible to span
application!! _ a wider energy range with only one beam energy




Trojan Horse Method Approach

The simplest theoretical approach is given by
the Plain Wave Impulse Approximation:

d’c . @ @ d
dQ2,.dQ. dE,,

* kinematical factor

e the Fourier transform of the radial
wave function for the x-s inter-cluster
motion

* the half-off-energy-shell differential cross
section for the binary A(x,b)B reaction at
the center of mass energy Eqy

dG THM dG HOES dG Dir.
= =—=] xPo|—
do dO dO

P, Coulomb barrier penetrability

No absolute cross section is measurable

Normalization to direct measurements at higher
energies

THM is complementary to direct measurements



THM applied for studying RIB induced
reactions

15F (p, )50
Be(n,at)*He
’Be(n,p)’Li

at the low energies of astrophysical interest



white dwarf

Hydrogen-rich gas spills
into an accretion disk and
forms a shell of hydrogen
on the white dwarf.

A nova occurs when
the shell becomes hot

enough for a burst of
hydrogen fusion.

Astrophysical scenario

companion star

Classical Nova

*In a binary system the companion
star transfers hydrogen-rich
material onto the surface white
dwarf

*The temperature and density of
the accumulated layers increase
with time until it undergoes
runaway fusion.

!

Y-ray emission




Astrophysical scenario
The role of the 18F

v - ray emission = 511 keV line from e*-e- annihilation (p,¥)

e* mostly comes from [ decay of 8F

(p,x)
18F |ifetime of ~158 min is well matched / .
to the timescale for nova envelope to become €

transparent to y -ray emission

18F is produced relatively abundantly via the Hot-CNO cycle

Production reactions Burning reactions Energy region of
astrophysical interest

17F(p, v)8Ne 18F 18F ,0 150 _
160(p’y)17|:< (b, v)"Ne(/) (p,a) 100 - 400 keV

17E(5*)Y70(p, v)8F 18F(p, v)1°Ne 0.05<Te< 0.5
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Study of the 8F(p,a)°0 reaction:
direct data
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C. E. Beer et al. PRC 83, 042801(R) (2011)

Direct data down to 250 keV

indirect measurements dedicated to the study of the
involved 19Ne levels

recent works  D. Kahl et al. Eur. Phys. J. A (2019) 55: 4

J. E. Riley et al. PHYSICAL REVIEW C 103, 015807 (2021)

S- factor and Reaction rate

uncertainties

are due to the unknown properties of the low energy levels
and the possible interference effects

Extrapolation via R-matrix calculations

New data in the extrapolation region could improve our knowledge



THM study of 13F(p,a)*°0

d n
*
2H(8F,a 150)n i o
deuteron TH nucleus (p © n)
— /
18F \
a
18F @ CRIB 18F from MARS
Y. Yamaguchi et al. NIM A 589, 150 (2008). spect rometer
Primary target R.E. Tribble et al. NIM A285, 441 (1989)
Beam Dump

D2 51 Q3 “Coffin”

Achromat
Recoil

Secondary target, Spectrometer

detectors

Netertor Chamhber



Basic scheme for in-flight RIBs production

Primary beam X
Primary target (H) gas target

- to induce a X(p,n)Y

A system of ion-optical devices :

- Quadrupoles for beam focusing
- Dipole bending magnet

Wien filter
Slit sets and collimator

PPACs for beam tracking

Prnimary target

Secondary target,
detectors

CRIB



BEAM TRACKER @ CRIB — RIKEN

X
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y & . target ’ I
PPAC PPAC '
1 / DSSiSD
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Beam track reconstruction event by event

o 20
o
e
a [
>151




18F beam features

| @CRIB-RIKEN-JP @ TAMU -TEXAS

Primary reaction H(*80,8F)n H(*80,18F)n

Beam energy 47.9 MeV (FWHM 1.9 MeV) 52 MeV  (FWHM 2.6 MeV)

Beam spot 2cm x 2cm with tracking system 3 mm x 5 mm (non tracking
system)

Beam purity 98% 94%

Beam intensity 5x10° -2 x 10°% pps 3-4x10° pps



THM study of 8F(p,o)°O @ CRIB

ASTRHO

CD, TARGET 150-200 pg/cmA2

ASTRHO = a.
n. 8 bidimensional position-sensitive detectors (BPSD,
45 x 45 mm?, 500 um thick

DSSSD - 150
n. 2 Double Sided Silicon Strip Detectors (16 strips x-y)

Mo

Trigger: total or, off-line multiplicity 2 fixed

DSSSD ASTRHO
Angular range 2°-11° 11°-31°
Angular resolution | 0.5 (tracking+ 0.5° (tracking+
detectors) detectors)
Energy resolution 0.8% 0.8%




THM study of 8F(p,o)°0 @TAMU

YY1-300 TECSA Detector Target

TECSA

18F beam /

CD, Ta rget

CD, TARGET 400-800 pg/cm”2

TECSA 2 o
n. 8 16 arch strip YY1-300 um
B.T. Roeder et al. NIM A634, 71 (2011)

X1-PSD - 150
n. 2 16 strips each, position sensitive

X1 PSD
150

Trigger: TECSA X1-PSD coincidence

X1-PSD | TECSA

Angular range 3°-12° | 15°-40°

Angular resolution | 0.7° 1.1°

Energy resolution | 0.8% 0.8%




Selection of the reaction channel

BF+d>PO+a+n

Kinematic locus Experimental three-body Q-value spectra

in agreement with simulation o
Qi — value = 0.66 MeV (indicated by arrow)

@ CRIB — RIKEN @ TAMU
> y % 45¢ §2
= 50 ® experimental data 2 E 150+
0 : ® simulation g 40;— Qexpz 0.67 MeV g Clexp= 0.60 MeV
u g5F- 8 a5k ™, | S
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Cherubini et al. PRC 92, 015805 (2015)  R.G. Pizzone et al. Eur. Phys. J. A 52 (2016) 24



Analysis of the reaction mechanism

Check for quasi-free mechanism

Comparison between the experimental momentum distribution and the theoretical one

d3o
4015, dQqdEqs,
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Analysis of the reaction mechanism

Check for quasi-free mechanism
Comparison between the experimental momentum distribution and the theoretical one

3 HOES
& KF () (Mﬂ)
dQ15,dQadE;s, dQ @ CRIB — RIKEN @ TAMU
> 25F o |
== — HULTHENFUNCTION| "¢ | ____ HULTHEN FUNCTION
Cut on E., and U, =
> 20 O 10N GAUSSIAN FIT
Z‘ 6 \“Q..,.
s 15 -
HOES L= N N i
d018F—p = =
= const © - e
dQ el L S s-
ar ot
3 S °F ; ;
d°o ~ The obtained trend can be compared with |-
dQc.dQ, dE ... the Hulthen function (describing the relative o TR
| (—>)|2 - 150 a“t150 OO' : 20 : 8 75 100
¢{Pq KF p-n motion in deuteron) and makes us|p. (MeV/c)
confident that the process is “mostly” QF.
Cherubini et al-PRCIZ, UTS305 [Z0T5] rorTzzomeerartorrrys. J. A 52 (2016) 24




Extraction of the two-body cross section

HOES d30'
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Extraction of the two-body cross section

HOES d30'
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THM S(E) — factor

The S(E)-factor is measured in the astrophysical energy Region

THM suitable for RIB application

® |™ =3/2+
O ]T[ = 5/2-

100 200 300 400 500 600 700 800 900
E (keV)

Cherubini et al. PRC 92, 015805 (2015)

R-Matrix calculations by Beer et al.

Phys. Rev. C 83, 042801 (2011)

10° AT; S = 3/2*

102

10 _ﬁ:‘? P == ‘T
1, e TAMU
10 . ©RIKEN
1{)2§ el -
10 # = =1
1 I e TAMU
10—1 ¢ RIKEN

02 04 0.6
Ecm (Mev)

R.G. Pizzone et al. Eur. Phys. J. A52 (2016) 24

Resonance E*=6460 keV
(Ecm= 50 keV)

Lower limit : J©~=5/2-
Upper limit : J©= 3/2*



R-matrix calculations

S(E) MeV b)

0. | I200. | ‘4001 | .600I | .800I | ‘1000
Ecm. (keV)

19Ne levels as in Bardayan et al PLB 751 (2015) 311

with some changes according to THM results:

e without 7 keV level
e with 126 keV level

La Cognata et al. the APJ 846:65 2017

® TAMU —RIKEN THM data average assuming
Jt=3/2* for resonance at 50 keV

—— Best fit curve. Smoothed R-matrix calculation

accounting for a 53 keV energy spread

—— Deconvoluted calculation

Table 1
Parameters of the R-matrix Calculation (Red Line) in Figure 1

E.. (keV) E_(keV) 3 L', (keV) L', (keV)
—124 6286 1/2% 83.5* 116
7 6417 3/2” 1.6107! 0.5
29 6440 1/2- 2810- " 220
49 6460 3/2* 2310 0.9
126 6537 7/2* 7.1107° 1.5
291 6702 5/2% 241073 1.2
334 6745 3/2” 5% T 5.2
665 7075 3/2%" 152 238
1461 7872 1/2* 55 347




R (cm?/s/mole)

Ratio

New THM reaction rate

10° | /

b=
bo|Ls

NN, N,N; [ 8 1
B =77 “(ov) = 7= | — )
alj 1 + (k);a)j fl 4‘_1 .‘ZLBT

/{; ]S(E) exp [ (AET — Q?TIp(E))] dE

Higher reaction rate

l

18F content in Novae reduced
by a factor 2

Ratio between THM Reaction rate
and R.H. Cyburt ApjS 189, (2010) 240



THM investigation of the neutron induced ’Be burning

Cosmological Lithium Problem: discrepancy between

observation and BBN prediction £ e
> (Li/H)Stellar~(1.3-2.3)*10-2° (Fields2005+Hernandez2010) ;; :
> (Li/H)MB~(4.56-5.34)*10-1° (Coc et al., JCAP, 2014)
= E
'Be 5
10 = L
\ 0. T, 8. 3He(a,y)’Be >
8/ 14| 15 _Te; Ll 1. plny)d 9. 3H(a,y)Li
13 ’/ 2. 2H(p,y)*He 10. ’Be(n,p)’Li — |r :
g 1211 3. 2H(d,n)*He 11. ’Li(p,a)*He = N o ! 7
*He [——|*He 4. 2H(d,p)H 12, “He(d,y)5Li S8 = Li i -
2[ [ 6 = 5. 3He(npPH  13. Cli(p,a)*He N I: .
P 2H 3H 6. 3H(d,n)*He 14. 7’Be(n,a)*He _ S 8 5
ik Z 7. 3He(dp)*He  15. 7Be(d,p)2*He ™ E . R
n 1 7 10
Possible (nuclear physics) solutions... Nx10°°

- Due to the large uncertainty assigned, these reactions
provide one of the dominant contributions to theoretical
errors in the ’Li abundance evaluations (Serpico et al., 2004)

Nuclear Physics Inputs: Cross section measurements at
BBN energies for ’Li formation/destruction
*He(a,y)’Be(e v, ) Li(p,a)a

and for the ones involving 7Be Reactions involving RIB and neutrons
7Be(n,p)7Li 7Be(n,a)4He Very chaIIenge I



’‘Be(n,a)*He cross section - direct measurement
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’‘Be(n,a)*He cross section - direct measurement
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The ’Be(n,a)a reaction via THM
BELICOS

Be(n,a)*He  2H(’Be, aa)H  ~—— THM reactions

First THM measurement of a reaction involving both a radioactive beam and neutrons

v’ quasi-free breakup mechanism

v'd as TH nucleus (p @ n)

: v'’Be + n interaction
Be
— / v'p is spectator

Two-body interaction a




’Be production @ EXOTIC via p(’Li,”’Be)n

Facility EXOTIC at INFN-LNL

PRIMARY

BEAM |,

g

— Gas Target

15t Quadrupole Triplet
. -3 s>  30° -Dipole

=
-

€

e

e

Wien Fﬂtér

274 Quadrupole
Triplet

\ —

o
~

Courtesy of M. Mazzocco
and C. Parascandolo

Li primary beam
Energy: 31 MeV
Intensity 150-200 pnA

'H, gas target
Pressure: 1 bar
Temperature: 90 K
’Be secondary beam
E.p: (20.4 = 0.5) MeV
Intensity (average): 5*10° pps
Purity: >99 %

Beam spot: 9 mm (FWHM)



The BELICOS experimental setup

> 630:8°

T1
- »\\\ 27°+8°

’Be beam

NUT3

®, \ Y aresse

target
T4

~

= 400 pg/cm? CD, target; 637487

= EXPADES detection system

Pierroutsakou, D. et al. 2016, NIMPA, 834, 46 Setup symmetrical, respect to the beam line, in the reaction

plane

T2(T3)=> IC + DSSSD (300 um) + SPad (300 pm)
T1(T4)-> IC + DSSSD (300 um) Trigger: coincidence between two telescopes

Calibration with “Li beam on 12C, 1°7Au and CH,
100 mbar isobuthane for IC



The ’Be(n,a)*He THM cross section

3 @ Hou et al. (2015)
E ) @ Kawabata et al. (2017)
= 10°Em m Lamiaetal. (2017)
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L. Lamia et al. The Astrophysical Journal, 879:23 (8pp), 2019



Impact of the THM ’Be(n,a)*He reaction rate

2.0
o [
Following the definition of the reaction rate = & 1.5} -------------
N |
s 8|5 1.0
3 buc il ; w
Na(ov) =[ ] A1 Eo(EyetrdE v EE ,
TH) kT3 2<z V[ oS
= 05—
THM RR have been compared with the one of e
Hou et al. 2015 one. 0.2 0.5 1 2

L. Lamia et al. The Astrophysical Journal, 879:23 (8pp), 2019

The impact of such result has been evaluated through the BBN code of Kawano (1988)

discussed in Pizzone 2014
Lithium Abundances Calculated via the BBN Code of Kawano (1988) with the Nuclear Inputs of Pizzone et al. (2014) (Labeled as Pizz2014)

Reaction Rate 'Li/H 'Be/H ('Li/H+"Be/H)
Pizz2014+Hou2015 2.840 x 107" 4.149 x 107'° 4433 x 107
Pizz22014+Laml7 2.845 x 107! 4.156 x 107'° 4.441 x 107'°
Pizz2014+Present work 2.67 x 107! 3.99 x 1071 4.26 x 107
(1.587033) x 10-10

Halo Stars Observ. as in Sbordone et al. (2010)

Note. The first three rows display the primordial abundances using the "Be(n, a)*He reaction rates of Hou et al. (2015) (Hou2015), Lamia et al. (2017) (Lam17), and
the present work. The last row refers to the "Li abundance for halo stars as reported in Sbordone et al. (2010).



The ’Be —n interaction via THM @ CRIB

Primary target

THM reactions v7Be @ 22.1 MeV by CRIB facilit
7 4 24(7
Be(n,a)%He H(’Be, a a)H vintensity 1 x 10° pps 1 ] b
"Be(n,p)’Li  *H(’Be, p Li)H : R
€condary (RI) beam F3
\‘#6
d Breakup p R NG
\ CD, target \\“‘?a Li #4
64 pg/cm? o AE-E

T . 20 pm - 500 pm

I ‘Botean /58D -PsD
o ~45 cm 22.1 MeV
n | q, 7L || | ® #3AEE
| PPAC a PPAC b % P aY#2 300um-1.5mm
7Be [ H# PSD - SSD
— f o Improved with respect BELICOS:
Two-body interaction » P v' capability to detect the Li

v" PPACs for beam tracking

v’ thinner CD, target (64 pg/cm?)

v'd as TH nucleus (p @ n) — better angular and energy resolutions

Typical E., resolutions: 50 keV for the (n, p) channel
180 keV for the (n, a) channel

v’ quasi-free breakup mechanism

v'7’Be + n interaction

v'p is spectator



’Be(n,p)’Li cross section - direct measurement

10 T T T T
= sjsan dll .
% B Egmm ..l L 1 i E E E i
= I ]
O . R T b
N 6 C_ = i E =
% i T
>
S 4 { :
§ - Hanna (1955) : E
» —8—i Gledenov et al. (1987)
e g =2 Koehler et al. (1988) _
O ——=— Cervena et al. (1989) ]
= ——— ENDF/B-VII.1 ¥
O I In.I_TIgfI_ ! - ""'I & & ‘|IIII| 1 I.I.IIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII
107 10°® 10° 10* 10° 102 107 10°

neutron energy [MeV]

L. Damone PRL 121,042701 (2018)
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’‘Be(n,p)*He and 'Be(n,a)*He THM cross sections

Hayakawa et al. The APJL, 915:L13 (14pp), 2021

7Be(n,p1) ép1presentTHM

7BE(I’1,(1) ({1 o present THM

(} p, Present THM

e Multichannel R-matrix
fit of all the measured
channels considering
THM cross sections
and data set from
literature

In the BBN energy range

* s SIS
§ p,Dam18 + P,Sek76 & p present THM “f< Al" ; o
-- P, Dam18 SLBW fit P, Bor63 —P, R-matrix fit Sy _ N
3: x poTom19 * poPop76 \ & | Be(n, po)
13 | 1 .
o [KE9eE ¥] | - Gibbons1959
s 0 | - Sekharan1976
A ' "
I { + % % \Igl 1 | -Koehler1988
2 { ] I A (“J\,_ T @ Damone2018
210k 1 L § | i0 !
£ B I i
e Wy 1
o E Ty=07" LyrilLay 1l
P p/p Koe88 xp Dam18 ] p_present THM | 3 g 3
J Fs 0 i, it LW | -Koehler1oss
Tom19 — p. R-matrix fit i
% P, P, | av) 2+ \'.
107 T 3
| L
|
i ) x Hou2015
T / — Barbagallo2016
--y o Bar1é * o Kaw17 '} o Lam17°He ';1[1 o present THM i/ T,=0.7 (Total DRC)
3| 4
10 { «Houts ¥ olami7d % alam1®  — o Rematrix fit 1 E O Kawabata2017
R e e g N W, | A+ Lamia2017
Ll sl sl Ll Ll . ....j L .\..."\-. |
10° 107 107 10~ 107 107 1072 107 1
E; m. (MeV)
Low-lying Resonance Pammt-:t::;;-Resulted from the R-matrix Fit
Level No. = E, s I, L I Tpo It Ty . L, r )
I 2 18910° 10 0 297 3 0 651 733 2 ~0 948 i3 1634°
i 3+ 19230° 330 1 89 75 1 66 3 3 ~0 155 1, 165"
1 1~ 19400* 500 0 263 13§ 0 ~0 0 326 112 580 g1 645°
v 2t (19885 =20) (985 =20) 1 (89 =3 1 23 1 143¢ 2 726° (981) 880*

Notes. The brackets indicate provisional fit values. Energies are all in units of keV.

* From Tilley et al. (2004).

® From Adahchour & Descouvemont (2003).

€ The proton and a widths of Level IV are fixed at a ratio I, /T, ~ 4.5 (Tilley et al. 2004).

\

* A slightly smaller cross sections with
better uncertainty evaluations with
respect the result of Damone et al.
(2018)

* The measurement of the contribution
of the p1 channel for the first time




Impact of the THM “Be(n,p)’Li reaction rate

15F @ — - Dam18p, (b) —— Present p_
S1.4F ==== DAACV04 p,
C_ ..
21.3_— BT ES = —Cyb04 po =
S E 7 :
S F ~ 2
o 11 ~ . —
3 .E [ .
| S— St — e
0.95_ 1 L1 111l 1 l IIII—I:l---I- 1 IIIIII| 1 1 IIIIIIE_ 1 | I ] e R ) 1 1 IIIIII| 1 1 IIlIIIl 1 | O e R
== - (d ]
1.5 - (c) Present p, + p. (recommended) [ (d) Dam18 p_+ present p_(max.)
S48 =
= S
= = S —
2 F R - o
e = ~NGeaT
= = Ss=
m [~ ~28 e e
09} | | i 3 | | st
10~ 107 107 1 10" 107 1 10
T Ty
Reaction Rate Source BBN Code "Li/H (107"
DAACV04 py € PRIMAT 563102 ¢
Present py PRIMAT 537102
Present p, + p; (recommended) PRIMAT 5183532
Dam18 py’ + present p; (max.) PRIMAT 497304
Observation {581

Hayakawa et al. The APJL, 915:L13 (14pp), 2021

Ratio between reaction rates from different works
and Cyburt 2004 rate for the (n,py) channel.

Fig. (a) Descouvemont et al. 2004 (DAACV04) rate
and Damone et al. 2018 (Dam18) rate

Fig. (b) Present rate (for pO channel) and Damone
et al. 2018 (Dam18) rate. Present reaction rate is
lover with respect Damone et al. 2018 (Dam18)
with a strong reduction of the uncertainty in the
BBN region.

Fig.(c) Present recommended p, + p; rate in

is comparable to Damone et al. 2018 in the BBN
range, but with different temperature dependence
due to the (n, p1) contribution.

Fig. (d) Sum of present p, rate and Damone et al.
2018 one. It represents a possible upper limit
deducible from the adopted cross section data set.



The BeLiCos experiment @ INFN-LNL

Experimental study of the ’Be(n,a)*He at astrophysical energies by means of the Trojan
Horse Method applied to the 2ZH(’Be, a*He)p reaction

L. Lamial2, M. Mazzocco34, C. Spitaleril2, M. La Cognata?, R. G. Pizzone?, X. Aslanouglu®, Ch.
Betsou®, A. Boiano®, C. Boiano4, C. Broggini4, A. Caciolli*3, S. Cherubini!2, G. D’Agatal?, R.
Depalo#3, A. Di Pietro?, P. Figuera?, M. Fisichella?, G.L. Guardo!?, S. Hayakawa?’, N. Iwasal6, S.
Kubono?®15, M. La Commara®®, M. Lattuadal?, A. Pakou®, C. Parascandolo, R. Menegazzo#, D.
Pierroutsakou$, S. Romano!2, G. G. Rapisardal, K. Sakaguchi?, M.L. Sergi2, O. Sgouros®, F.
Soramel3#, V. Soukeras®. E. Stiliaris1, E. Strano3#, D. Torresil2, A. Tumino!!, H. Yamaguchi?,
F.L. Villante!

Measureme/ntXf the 'Be+n

BBN reactions at CRIB by the Trojan Horse method

S. Hayakawa?, K. Abe?, O. Beliuskinal, S. M. Cha?, K. Y. Chae?, S. Cherubini®>*, P. Figuera®*, Z. Ge>,
M. Gulino3®, J. Hu’, A. Inoue8, N. lwasa®, D. Kahl1©, A. Kim, D. H. Kim11, G. Kiss>, S. Kubonol~>/,

M. La Cognata3, M. La Commara'%13, L. Lamia* M. Lattuada3?, E. J. Lee?, J. Y. Moon'4, S. Palmerini®>19,
C. Parascandolo?3, S. Y. Park!, D. Pierroutsakou?3, R. G. Pizzone3#4, G. G. Rapisarda3, S. Romano34,
H. Shimizu?, C. Spitaleri®#, X. D. Tang’, O. Trippella'>1é, A. Tumino3®, P. Vi>, H. Yamaguchi?, L. Yang?,

and N. T. Zhang’
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