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Indirect Techniques: the Trojan Horse Method (THM)

Coulomb barrier = exponential damping of the cross section at astrophysical
energies.

Electron screening 2 enhancement of the cross section at the lowest energies
due to atomic electrons.

- low-energy, bare-nucleus cross section is experimentally available only through

extrapolation OR indirect measurements.

THM reaction

THM allows to deduce a charged-partlcle
bare-nucleus two-body cross section

a direct break-up P
O A+x = b+B

‘ X inside the Gamow window by selecting the
Quasi-Free (QF) contribuiton to an appropriate
three-body reaction

A+a—>b+B+s
2-body process performed at energies well above the

Coulomb barrier




The Trojan Horse Method |

v The QF A+ a > b + B + s reaction between the projectile A and the target

a can be described by the polar-diagram: Direct break-up

a
v’ Upper pole describes the break-up @ O
process of nucleus a in its “x” and “s” ® x

constituents. The break-up is Quasi- ©

Free if s maintains in the exit channel O b

the same momentum distribution as A O
2-body reaction

in a;

S

B

v Lower pole describes the astrophysically relevant two-body reaction
A(x,b)B;

v" The nucleus a (the so-called “TH-nucleus”) is chosen because of:
e its large amplitude in the a=x@s cluster configuration;
* jts relatively low-binding energy;
* Its known x-s momentum distribution I(D(ES))l2 ina.

v" In this picture, “s” behaves as spectator while nucleus “x” is the participant
of the astrophysical A(x,b)B reaction (Impulse Approximation approach).:



The Trojan Horse Method I

The A(a,bB)s is induced at energies of the orderof @ S
20-50 MeV, higher than the Coulomb barrier in the \ - /

entrance A-a channel. =
The A-x interaction occurs directly in the nuclear

field, thus Coulomb suppression effects and the
electron screening effect are naturally removed.

The cross section for the A(a,bB)s process can be
derived in the simple PWIA approach as

d’o
dE,dQ,dS,

« KF-|0(p,)

> | O7P.)|2is a key quantity to be determined in each THM experiment!

» Using the kinematics of three body reactions:
m, p2 s-x binding energy

B = o oy A gm, T S
This allows to cover the energy region of interest for astrophysics by usi4ng

only a mono-energetic beam!




The THM: a useful tool for studying AGB Nucleosinthesys
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A THM application: the case of the 7O(p,a)'*N reaction

170(p,a)1*N governs the destruction of 170 and the formation of the short-lived radioisotope
18F which is of special interest for y -ray astronomy.

Stellar temperatures of primary importance for 1’0 nucleosynthesis:
T=0.01-0.1 GK for red giant, AGB, and massive stars;

T=0.1- 0.4 GK for classical nova explosion

T=0.01-0.4 GK:

170(p,a)1*N reaction cross section has to be precisely known in
the center-of-mass energy range E_,, =0.017-0.37 MeV.

In this energetic region, two resonant levels of '8F are important for 7O(p,a)*N
reaction:
v E., =65.0keV =1

v E,, =183.3keV  Jt=2

corresponding to E, = 5.673 MeV and E, = 5.786 MeV respectively.
o Works focussed on 183 keV resonance up to 2015:

ED =75 keV
| Enriched Target
199 C-sr

A. Chafa et al., Phys. Rev. C 75 035810, (2007)

J. Newton et a., Phys. Rev. C 75, 055808, (2007)
B.H. Moazen et al., Phys. Rev. C 75, 065801, (2007)
| D. Scott et al., Phys. Rev. Lett. 109, 202501, (2012)
L @_Mmﬁo A. Di Leva et al., Phys. Rev. C 89, 015803, (2014)

Energy (keV)

Counts/channel

One work focussed on 65 keV resonance: | J.C. Blackmon et al., Phys. Rev. Lett. 74 , 2642 (1995)



The experiment

170+d — “N+ a +n

Trojan Horse
Method
> \

2 n
" j p 170+p — “N+ a
- _<:
170 18F* 14 CcD,
7 -

Upper vertex: direct deuteron breakup

v

Two different measurements:
1) LNS - Catania (2006) (Sergi et. al., Phys. Rev. C 82, 032801(R) (2010))
Epeam= 41 MeV, Target thickness ~ 150 pg/cm?

2) NSL - Notre Dame, USA (2008) (Sergi et al., Phys. Rev. C 91, 065803 (2015))
Epeam= 43.5 MeV, Target thickness ~ 150 pg/cm?

DETECTOR LNS NSL
Two ionization chambers filled with

60 mbar of isobuthan gas as AE 1(4) 5.1°-10.1° 5.0°-10.0°
detector were in front of PSD1 and 2 (5) 13.8°-21.2° 13.1°-18.1°
PSD4 detector

3 (6) 24.4°-31.2° 23.8°-28.8°



170(p, @) *N studied by 2H('’0, a 1*N)n via the THM
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Reaction channel selection.... | '
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Trojan Horse Cross section

(@
LNSexp -

In

contributions of the resonances

different
on the

order to separate the

s, = 5786 MeV

(arb. units)
4—E, =5673MeV |

<4—E,

|||I|||IIL'_I'I

iR A e

......

<4—E,; =5.673 MeV

extracted two body cross section, a fit of the
nuclear cross section has been performed.

Extraction of:

v Resonance energies
v’ Peak value of the two resonances, N; and N, :
used to derive the resonance strengths wy (case
of narrow resonances)

v" Vertical error bars (about 18%, only statistical)

N

When narrow and isolated resonances
dominate the cross section, the
reaction rate can be calculsied by

means of the resonance strength wy

(AT5)~*R(wy) gxp(—11.605E5 /15)
1 7.8318 x 10°(2,2,/A) S (Eo) 15
X exp(—4.2486(2222A/15)?)

The strength of the resonance at 65 keV is
given from the ratio between the peak
value N, and N, through the relation:

ﬂF(P”O)l 032(0) Ny

(wy)1 = (wy)a-

) 031(9) F(p170)2 N2

Sergi et al., Phys. Rev. C 91, 065803 (2015)
M. La Cognata et al., Astrophys. J. 708, 796 (2010)




Reaction rate determination

The THM reaction rate was calculated by considering the weighted average value
of wy=(3.42+0.60) x 10° eV for the 65 keV resonance.

THM
65keV

lliadis
65keV

THM lliadis

N, ,{ov) ™ =N,{(ov) — N, {(ov) + N, (oV)

tot tot

Ratio between the THM reaction
""0(p,a)"'N rate and direct one

L - The red band marks the reaction-
1“ ' k ; , s e rate interval allowed by
. \ = experimental uncertainties on the

, 65 keV resonance strength only.

R/Rlliadis

SRS §

N The blue band, instead, is used to
0.57 R IE T L & gl display the range on uncertainty
10% 10 1 characterizing direct data (lliadis et

Sergi et al., Phys. Rev. C 91, 065803 (2015) To al. 2010).

T=0.02-0.07 GK: the differences between the rate adopted in literature and the total
rate calculated, if one considers the N,<ov>,. "M extracted as explained before, is ~

30%.




170(p,v)%F Reaction rate determination

From the strength definition:

2J18Fi +1

Lp170), (ER;) (a1an), (ER;)

()i = Grmg 1 1)(2J, + 1)

THM
(wﬁ;"’)p’y — (wvv)pa T,

Li(ER;)

runu Ty 0 (wy), " =(1.182021)x107"eV

py

(wy),, =(1.6420.28)x107"eV
Fox et al. Phys. Rev. C 71, 055801 (2005)
Ratio between the THM reaction

rate and Di Leva et al. Phys. Rev. C
89, 015803 (2014) one

| IlIIIII

| II[IIIII |

10 10 1
T9

Sergi et al., Phys. Rev. C 91, 065803 (2015)

T=0.03-0.09 GK:
between the rate adopted in
literature and the total rate
calculated, if one considers the
N,<ov>,. MM extracted as explained
before, is ~20%.

the differences




log €(F)

log €(F)

The THM for the study of 1°F Nucleosynthesis

19F is a key isotope in astrophysics as it can be used to probe AGB star mixing
phenomena and nucleosynthesis. But its production is still uncertain!

In the case of metal poor AGB stars our
understanding is far from satisfactory
(Lucatello et al. 2011, Abia et al 2011).

We note that a significant fraction of the upper

limits are located under the predicted lines
(Lucatello et al. 2011)

65 7 75 8 85

log €(C+N)
e e e o T REVISION OF KEY NUCLEAR REACTION RATES????
T 12C(p,y)13N(B*)13C [13C-pocket?]
13C(a,n)e0 [s-process]

4C{0,7)150 or *4N(a, 1) ()20
, - e 180(p,at)>N => 5N(p,a)*2C
1: Tt e s 130((1'7)22Ne

65 7 75 8 85

log €(C+N) 15N(a,y)F > °F(p,a)'€O
19 22
SEE TALK. G. D’AGATA  Fla,p)**Ne

19F depleting
reactions



The 120(p,0.)**N cross-section measurement
before THM approach

O
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e s bf l - * 1 ~50resonances in the 0-7 MeV region
Jprrr™
M The main contribution to the reaction rate
; is given by the resonances:
E fkevi  J
W—H 1 @20kev  J=5/2*
IR 1 @144keV Jr=1/2* (well established)
8083 5/2
iz 5z ; @ 656 keV jn=1/2+
K
D . | The resonance @ 90 keV provides a
| ’gF 1 negligible contribution to the reaction rate
a0 v (AL E. Champagne et al., Nucl. Phys. A457,
367 (1986).
m i PSR B The 656 keV resonance provides a
lf“ ] e ", 3 significant contribution to the reaction

; rate both at low and high temperatures.
3 The strength and FWHM of the 656 keV

P | | . |

I2C|U 300 00 ‘ 500 &0 ] ;DD — aaa -
PROTON ENERGY E, (lab) [keV|

are very uncertain (~ 300%).



The THM experiment

PSD A Trojan Horse
IC ‘ Method
180 beam —>

ZH n
CD2 target PSD B
p
PSD C
PSD D - *
180 19 * 15N
Lab.: INFN-LNS Catania (ltaly) - Tandem

PSD A + IC for nitrogen The three-body process (THM reaction) is:
discrimination (AE- E) 2H('30,al>N)n
PSD B C & D used to detect @ Epeam= 54 MeV
o's from the 2H('20,0>N)n
reaction A single beam energy = a full excitation function
Detectors placed at the QF (covering the astrophysically relevant energy interval)

angles



Trojan Horse cross section

three-body cross section.

600 > Present case: narrow resonances.
- = THM data are smoothed out because of 17
(3¢
i o keV energy spread
1
@ i
= > ¢ The energies and the wy parameters are
S5 4001 = 4 obtained from the fit of the experimental
2 3 ’
m w

F=

Absolute values are obtained by normalizing
to the well known resonance at 144 keV

i ¢ E.

Wi FP:‘(ERz‘) ‘ﬂ[‘g(ERg)‘Q l\ri
(wy)i = ) 5T - (wy)3
W3 M’I’&(ERQ‘)‘ rpg (ERS) N3

d
dQdO.dE,
N
)
i

3 SLEE S L oy (eV) Present work NACRE
* ‘;. . R ‘-,""'u “'_.L | T ren

0 0.1 0.2 20 keV 8.3 +38, . 1019 6 *17 1019
E.m. (MeV)
M. La Cognata et al., Astrophys. J. 708, 796 90 keV 1.8+0.3107 1.6+0.5107

(2010)



reaction rate ratio
N

reaction rate ratio

Reaction rate determination

By using the obtained THM wy parameters, the contribution to the reaction
rate of each resonance is determained by:

Na{ov)r =1.5394 x 10”14“3/2(a)'}/)T9_3/2 exp(—11.605E,/Ty)

[ T — NACRE a)
:_ !~' ~'\, - Present work
0.01 0.02 70.03
Ty
[ —— NACRE b)

-----
= Present work

....................
llllllllllllllllllllllllllll
|||||||||||||||||||||
.
uuuuuuuuuuuuuuuuu

006 008
T9

0.04

0.1

Comparison of the THM reaction rate of the
180(p,a)°N reaction with the NACRE one.

By assuming equal to 1 NACRE
recommended value we can evaluate how
much the rate changes because of the THM

estimate of oy

If To< 0.03 (fig a) the reaction rate
can be about 35% larger than the

one given by NACRE, while the
indetermination is greatly reduced
(a factor 8.5)

M. La Cognata et al., Astrophys. J. 708, 796 (2010)
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The deduced rates for the 180(p,a)!*N, 7O(p,a)*N, and ’0O(p,v)8F processes have been
introduced into the state-of-the-art of the AGB models for proton-capture nucleosynthesis
coupled with extra-mixing episodes.

Comparison of the oxygen isotopic mix measured in a sample of oxide grains and extra-mixing
calculations performed using the model in the work by Palmerini, S., Cristallo,

S., Busso, M., et al. 2011a, ApJ, 741, 26

1 (a) A=0.1, M = 1xX107® Mg yr~1
(b) A=0.1, M = 3x107° Mg yr~*
(c) A=0.22, M = 1x107° Mg yr—!

510°- —— THM data
- — Chafa data

eg , (d) A=0.22, M = 3x1076 My, yr~?
= 10—3_b i where A is the mixing depth
’ Improved agreement is found between the models
510" and the isotopic mix of oxide grains of AGB origins,

| | whose composition is the signature of low
10° 10 1073 102 temperature proton-capture nucleosynthesis.
180/160




Measurement of the °F(p,0,)°0 reaction using the
Trojan Horse Method (THM)

d p n>
The 19F(p,00)1e0 reaction is the main fluorine
destruction channel at the bottom of the convective T Son o _<:
envelope in AGB stars (H-rich environment) €
but no data were available around ~100 keV 2 THM measurements 0
(energy of astrophysical interest) at LNS-INFN (CATANIA)
. 0.1 1 10 T, . and at LNL-INFN (LEGNARO)
d(*°F,a'®O)n Q;,=5.889 MeV
o) x 1358
% 100 4 BR53 19F(p,oc) 160 Q2b=8.113 MeV
= A WAB3
.§ 0 ¢ & MOBB
o 5 CD,
| Non resonant ‘m“ o cAM 195+
= approximation ag o+ cus0
o b e | Eveam=S0Mey
0.1 1 E.. (MeV) 10

Below E., = 460 keV, where data do not | Butanegas~52mbar
exist, a non resonant contribution is
calculated for s-capture.
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The ¥F(p,0.,)1°0 cross section

La Cognata et al. Apj 739 (2011) L54

- LNS data

S(Ec) (MeV b)
8 & & 2

-
=

<« 13.048 MeV
<«— 13.095 MeV

< 13.226 MeV

«—— 13.586 MeV

> 4— [2957MeV

N + iy i /
}. # ey, -f *
\ FE 3, HH.{# 11? : {M“*
LNL data |

==

E.,, (MeV)
I. Indelicato et al., ApJ 845 (2017) 19

R-matrix  parameterization of the °F(p,a)t®0
astrophysical factor.

Above 0.6 MeV, the reduced partial widths were
obtained through an R-matrix fit of direct data

Below 0.6 MeV, the resonance parameters were
obtained from the modified R-matrix fit

The non-resonant contribution is taken from NACRE

(1999).

New direct data down to about 200 keV: «l. Lombardo
et al., J. Phys. G: Nucl. Part. Phys. 40 (2013) 125102»

and «l. Lombardo et al., Phys. Lett. B 748 (2015) 178»

New THM measurement: improved energy resolution
allowed for

- better level separation

- angular distribution analysis



Astrophysical implication:

19F(p,ao)150 reactlon reaction rate

Ratio of the THM reaction ra \the rate of the
2 Cognataetal. ApI2011 | 19F(p,atp) 160 reaction following the

prescriptions in NACRE& Y The red band arises
z

—
(34}
LA L R Y B B

from statistical and n ation errors.
- A reaction % ncement up to a factor of 1.8
1 is obtained o temperatures of interest for AGB

T,~0.04.

T stars,i.e@
10 10 . 1 0

9 *o
Impact of the new 1°F(p,a)1®0 re ateinM =2Mgand Z = 10-% AGB star;
Extra-mixing calculations acc o Busso et al. (2010) & Palmerini et al. (2011);
Depletion of about 40% ) and about 27% (T4=0.05) with respect astrophysical
calculations adopting RE reaction rate;
These depletion fa e of the same order of magnitude as those necessary for
explaining the ional evidences of Lucatello et al. 2011. See La Cognata et al. 2011
for details;

Further experlmental runs are still under evalutions, as for instance the (p,a;) channel for
a more comprehensive study.
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Astrophysical consequences...

...\Work in progress!!!

0.01 0.05 0.10 0.50 1.00 5.00

Ty

A quantitative estimate of the impact of this measurement has been attempted. Following the
suggestion in Lucatello et al. (2011) and Abia et al. (2011), we run parametric extra-mixing calculations
according to the model in Busso et al. (2010); Palmerini et al. (2011) to evaluate to what extent the
fluorine destructions varies if the NACRE reaction rate is replaced by the one obtained here. We found
that the fluorine surface abundance can be depleted 40% more with respect to the NACRE rate inan M =
2 M and Z = 10-4 AGB star. Since a significant fraction of fluorine upper limits for a sample of metal-poor
AGB stars are located under the predicted values by a factor of the same order (Lucatello et al. 2011),
this updated reaction rate can help to solve the fluorine puzzle in these stars in the framework of extra-
mixing. In the M =2 M and Z = 10-4 AGB stellar model9 used for preliminary calculations, the mixed
material experiences temperatures up to T9 ~ 0.05, where the reaction rate is 27% higher than in
NACRE. An even larger destruction is expected in those environments where the reaction rate
enhancement approaches a factor of 1.7 (T9 ~ 0.1). Therefore, extensive calculations are undergoing to
understand the consequences of the present results on astrophysics.



The Trojan horse method for resonant reactions

In the “Trojan Horse Method” (THM) the astrophysically relevant reaction, in
particular 70(p,a)'*N, is studied through an appropriate three-body process 2>
2H(70,0.'*N)n:

>
2H n
P The process is a transfer to
_ o the continuum where proton
170/ 18p* 14 (p) is the transferred particle

Upper vertex: direct deuteron breakup

Standard R-Matrix approach cannot be applied to extract the resonance parameters of the

170(p,a)*N = Modified R-Matrix is introduced instead

In the case of a resonant THM reaction the cross section takes the form

dQO’ F(Oa)z (E) |]\[@ (E)|2
dEc.dQ.  (E — En, )2 +T2(E)/4

M;(E) is the amplitude of the transfer reaction (upper vertex) that can be easily calculated
= The resonance parameters can be extracted and in particular the strenght



How to extract the resonant strength?

When narrow resonances dominate the S-factor the reaction rate can be calculated by

means of the resonance strength:

2Jisg, + 1 L0y (Er; )TNy (Er:)

(@y)i = (2Juo + D2J, + 1) Ii(Er) (7Olp,a]*N case)
Where: What is its physical meaning?
" I"(ag) is the partial width for the A+B channel —Area of the Breit-Wigner describing the
= ' is the total with of the i-th resonance resonance
= Eg; is the resonance energy - no need to know the resonance
shape
In the THM approach:
o= Loy T E)  whers
2 Y op(®) = @, =J; /), J150 statistical factor
= N; = THM resonance strength
Advantages: mgril@) = direct transfer reaction
= possibility to measure down to zero energy cross section for the binary
= No electron screening reaction’O+d-->8F;+n  populating

= No spectroscopic factors in the I'p3;0) / |[M;|2 ratio  the i-th resonant state in °F



The wy parameter for the 65 keV resonant level and reaction rate

When narrow resonances dominate the S-factor the reaction rate can be calculated by

means of the resonance strength wy

The strength of the resonance at 65 keV is These  values are, within the
given from the ratio between the peak experimental errors, in agreement:

value N; and N, through the relation:

v with the value 5.518,, :10° eV
wi L'p170), og,(0) Ny "

(w ) . (w ) . adopted in NACRE, (I[,=130 eV measured
T v)2
w2 0R1(9) I‘(19170)2 Ny by Mak’80 and l,=22 neV found by
Blackmon’95)
Experiment (wy)™ (eV)

: 100
LNS (3724078 x 109 v Wlt-h the (4.7%0.8)-10° eV calculated
NSL .16 +0.68) x 10~° by using the value of I, and I, reported
Adopted (3.420.60) x 107° in Chafa’07

For an isolated and narrow resonance: Sergi et al., Phys. Rev. C 91, 065803 (2015)
M., La Cognata et al., Astrophys. J. 708, 796 (2010)

Ni<ov>g = 1.5394 x 10" (AL5)"¥w~) pxp(—11.605E% /1)
+ 7.8318 x 10%(Z, 2, JA)PS(Eo) 1y
x exp(—4.2486(Z7Z3 A/15)"?)

where N,<ov>g is expressed in cm® mol* sec?, Er and wy in MeV and S(E;)in MeV b.
Z, and Z, are the projectile and the target atomic number respectively.



Measurement of the °F(p,a,)'®O reaction using the
Trojan Horse Method (THM)

d p n>
The 19F(p,0y)160 reaction is the main fluorine
destruction channel at the bottom of the convective o Son o _<:
envelope in AGB stars (H-rich environment) €
but no data are available around ~100 keV THM measurement O
(energy of astrophysical interest) at LNS-INFN (CATANIA)
1000 %! 1 10 Tq s d(*°F,a'®O)n Q;,=5.889 MeV
-y < 1558 YF(p,a) 1°0 Q,,=8.113 MeV
% 100 ﬂ & BRSS
= F:F A WAB3
% 10 ¢ & o Hioes ‘
“(E 1 Non resonant ‘m“ o CAm 195+
£ approximation Ag + CURO >
i non- Epeam= 50 MeV
0 e s resonant. ,PSD2
0.1 1 E.. (MeV) 10
I PSD3
Below E., = 460 keV, where data do not | Butanegas~52mbar , PSDA

exist, a non resonant contribution is /
calculated for s-capture. PSD5
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(arb.units)

40

30

S(E__) (MeVb)

10

The °F(p,a)°0 cross section

THM x-section shows a rich resonant pattern!

el |

0.4 0.6 0.8

Eem (MeV)

horizontal error bars =2 p-1°F-relative-energy binning.

The vertical error bars = statistical and angular-distribution
integration uncertainties.

Red band = the cross section calculated in the modified R-
matrix approach, normalized to the peak at about 750 keV

and convoluted with the experimental resolution.

R-matrix parameterization of the °F(p,a)1°0

IIITII]IIITI

astrophysical factor.

Above 0.6 MeV, the reduced partial widths were
obtained through an R-matrix fit of direct data

Below 0.6 MeV, the resonance parameters were
obtained from the modified R-matrix fit

The non-resonant contribution is taken from NACRE
(1999).



The 19F(p,a)'°0 cross section- LNL new measurement

New direct data down to about 200 keV: «l. Lombardo et al., J. Phys. G: Nucl. Part. Phys.

40 (2013) 125102» and «l. Lombardo et al., Phys. Lett. B 748 (2015) 178
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A new THM measurement was performed at
the Laboratori Nazionali di Legnaro (Italy).

Improved energy resolution allowed for
- better level separation

- angular distribution analysis

The basic feature = 113 keV resonance is
confirmed

Interference is also confirmed =2 New THM S-
factor

I. Indelicato et al., ApJ 845 (2017) 19



19F(p,a)'°0 reaction reaction rate
"1 Ratio of the THM reaction rate to the rate of the
BF(p,a)1°0 reaction evaluated following the

prescriptions in NACRE (1999). The red band arises
from statistical and normalization errors.

La Cognata et al. Apj 2011

— A reaction rate enhancement up to a factor of 1.8
is obtained close to temperatures of interest for AGB
ool ——— ] et grs, j.e. about T™0.04.
10" . 1
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Astrophysical application:

Impact of the new 1°F(p,a)1®0 reaction rate in M = 2Mg,y and Z = 10* AGB star;
Extra-mixing calculations according to Busso et al. (2010) & Palmerini et al. (2011);
Depletion of about 40% (T9=0.06 ) and about 27% (T4=0.05) with respect astrophysical
calculations adopting the NACRE reaction rate;

These depletion factors are of the same order of magnitude as those necessary for
explaining the observational evidences of Lucatello et al. 2011. See La Cognata et al. 2011
for details;

Further experimental runs are still under evalutions, as for instance the (p,al) channel for
a more comprehensive study.



