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Outline

* What is nuclear astrophysics?

 How can we reach the energies of astrophysical
interest?

* The indirect Trojan Horse Method
« The ?’Al(p,a)?*Mg reaction and the (p,y) channel
« The "F(p,a)'®0 reaction and the (p,y) channel

The 26Al(n,a)?3Na and the 26Al(n,p)%°Mg reactions:
preliminary results

Outlook




Recipe for direct measuremen

How to measure the A+x=>c+C reaction in a direc

Detector 2> kinemati
- Energy
- Emission
+ Particle i

Reaction
product (c

Target (A

It looks quite simple!




RISK of EXTRAPOLATION (or the prej
consistency)
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Fig. 1. Excitation function for 2H(d, v )“He from the present and
previous work [3-8]. The data from 1-4 MeV are described well
by an E2 direct capture process, D,— 'S, (dotted curve). The
high cross sections at low energies are attributed to E2 radiation
from an initial S-state of relative motion of the deuterons. The
calculated 3D,—°D, and *G,-°D, yields are negligible. Also
shown is the previously recommended astrophysical S(0) value,
2x 10" "keVb [9].

How would you extrapolate if only data
from Zurmuhle et al would have been
available?

You would be probably happy wit
transition from the L = 2 scatterin
the d + d system into the (L =0, S=
component of the He ground state.
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Fig. 1. Excitation function for 2H(d, v )“He from the present and
previous work [3-8]. The data from 1-4 MeV are described well
by an E2 direct capture process, D,— 'S, (dotted curve). The
high cross sections at low energies are attributed to E2 radiation
from an initial S-state of relative motion of the deuterons. The
calculated 3D,—°D, and *G,-°D, yields are negligible. Also
shown is the previously recommended astrophysical S(0) value,
2x 10" "keVb [9].

How would you extrapolate if only data
from Zurmuhle et al would have been
available?

You would be probably happy wit
transition from the L = 2 scatterin
the d + d system into the (L =0, S=(C
component of the He ground state.

However, it was found [Barnes et al.
197, 315 (1987)] that the cross sectio
strongly enhanced compared with wha
expected for this case.

When the new experimental data k
available they undoubtedly indig
existence of a D-state compon
ground state.



The electron screening effect

Thanks to recent experimental developments, measurements have
to the energies of interest for several reactions.

This leads to the discovery of electron screening: a such low energies atomic
degrees of freedom cannot be neglected.

Pictorial view: Experimentally:
| ‘ 14 -
< BARE _ screened
E Eer N NUCLEUS Elit';TURSN N : Uz 219 eV *He(d p)'He
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Exponential enhancement! s

The electron cloud shields the nuclear charge o (E E exp(tnl./E).
thus the projectile meets a reduced Coulomb s(E)/ov(E) p(nUe/E).

barrier > enhancement of the reaction pracciet al., NPA 513 (1990) 316

probability as tunneling is more likely. Rolfs & Rodney, Cauldrons in the
1988

Strieder et al., Naturwissens




Direct vs. indirect measuremen

Indirect measurements:

Complicated but rewarding

v’ High energy experiments: up to several hundreds MeV
- no Coulomb barrier suppression = possibility to measure angular distribution
- negligible straggling = no need to rely on stopping power models

- no electron screening = no need to make assumptions for extrapolation

Indirect measurements are the only ones allowing you to measure down to astro
energies with the present-day facilities

Nuclear reaction theory required
—> cross checks of the methods needed
—> possible spurious contribution

—> additional systematic errors (is the result model independent?)

.. Indirect techniques are complementary to direct measurements
xamples: Coulomb dissociation, ANC and Trojan horse method, sur



Indirect Techniques: a cartoo

Several

Entrance channel: reaction
mechanisms
A+a link the two

Reaction p

C+cH

channels

Only one reaction mechanism has to be selected, for which the reaction theory we have
developed applies. A careful experimental & theoretical investigation is necessary

To recall the previous sketch:

. Tribble et al., Rep. Prog. Phys. 77 (2014) 106901



Indirect methods and RIBs

Reactions involving unstable nuclei - additional problems!

v lower beams intensities
- reaction yield even smaller at astrophysical energies (E

explosive scenarios where unstable nuclei take part to nuclear rea

v poorer energy resolution

v’ presence of contaminants in the beam, background...

Indirect studies would dramatically increase the yield thanks to
- the experimental setup (e.g. thicker targets)
- the suppression of Coulomb barrier

Moreover
Some reactions cannot be measured with present-day facilities such as:

- Neutron-induced reactions on exotic nuclei
- Reactions among unstable nuclei

As a first step, validation of the approach is needed to test how accurate is
This is accomplished by investigating reactions with stable beams



The Trojan Horse Method

Coulomb barrier - exponential suppression of the cross section
energies

+ electron screening
- low-energy, bare-nucleus cross section is experimentally available
extrapolation OR indirect measurements From

a direct break-up < A+a(x®s) 9Mbe</ B+s
O
contribution

®x
© b Though E, >> V¢, it is
/ O possible to measure at the
B Gamow peak since:
2-body process T N o
Additional advantages:
e reduced systematic errors due
to straggling, background...
But...
e off-shell cross section deduced (x =
virtual particle)
e no absolute units (also an advantage)

A+x—>b+B®@5-2
By selecting the (

THM reaction

A

First work published in 1986
See Annu. Rev. Nucl. Part. Sci.
2021.71:345-76 for a recent re




The full THM: the complicate form

>

S

Amplitude of
the TH
reaction

.IFMF;’H m pmymy M,

Same R-matrix

R. Tribble et al., Rep. Prog. Phys. 77 (2014) 106901

In the latest years, large efforts
give a quantitative justification @
estimate the uncertainties and i

l+l (
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THM: from the formal theory to the workak

Plane Wave Impulse Approximation:
e beam energy >> a =x @ b breakup Q-value
e projectile wavelength k'! << x — b intercluster distance
+ plane waves in the entrance and exit channel

=» the 3-body cross section factorizes: For resonant
Bo ) do \°F reactions
x KF |¢(=pp)[* -
dECdQCdQc d‘Qc.m.

d*o N Lcoy, (E) [ M;(E)]?
dEc.dt, ~ (E —En )2 +T2(E)/4

e KF kinematic factor do*/dQ > do/dQ (on §

d(pp,)? spectator momentum distribution The penetration fac

M? is proportional to the transfer cross section to be introduced:

do*/dQ ()off-shell cross section do
or “nuclear” (N) cross section — =




Moreover: exploring negative
energies with the THM

Using the kinematics of three body reactions:
2
, My 1 P Ps - PA )
-E-,-Lr — J(_',‘d. - T T ~&T
My + MA 2lgF 7 Mg+ My
s-x Fermi motion
s-x binding energy

It is possible to achieve negative energies in the A-x channel

How to deal with negative energies? what is their meaning?
Standard R-Matrix approach cannot be applied to extract the resonance parameters
of the A(x,c)C reaction because x is virtual —> Modified R-Matrix is introduced

instead (A. Mukhamedzhanov 2010)
B . NI At negative energies M? is given by the product¥of the
d"o Lico) (B) |M:(E)) Whittaker function and the ANC of the F! state

diccdQs — (E = Ep)? +T7(E)/4 popylated in the transfer reaction

Merging together ANC and THM —> deep connection
of these two indirect methods



ANC vs. THM

THM: in the case of resonant reactions a
metastable state is formed in the lower v

d S C An intermediate
system F escapes

X nuclear interactio

A C later decaying to ¢

F
TRANSFER TO THE CONTINUUM

ANC => Transfer to a bound state
In both cases peripherality has to be e




ANC vs. THM

THM: in the case of resonant reactions a
metastable state is formed in the lower v

d S C An intermediate
system F escapes

X nuclear interactio

A C later decaying to ¢

5x107

2x 107

same parameters

Trippella & La Cognata (201

S 5,(E) (MeV b)

2x 10°

' \
02 04 06 08 1.0 1.2
E. .. (MeV)




And for narrow resonances?

When narrow resonances dominate the S-factor the reaction rate can be calculated by
means of the resonance strength:

wy; = it dak; (2’Al(p,0)?*Mg case)
b+ D@+ D) Ty ’
Where: What is its physical meaning?
= j=2J+1 —>Area of the Breit-Wigner describing the
® I"(ap) is the partial width for the A+B channel resonance
= ['; is the total with of the i-th resonance - no need to know the resonance
= E; is the resonance energy shape

l-'i
ps S'p'
In the THM approach: a)y?HM ~ w;N; —  Where:
O a,n)(O05™) R

= o= ‘li / .lp
Advantages: = N, = THM resonan
—g—’ - 2 _
= possibility to measure down to zero energy o=M; = transie
= No electron screening
= No spectroscopic factors in the I'qs0) / The Astrophysi

| M; | 2 ratio Issue 1, pp. 7




27Al(p,0)%4Mg:
Understanding 4/Al in massive st

MgALl cycle in massive
stars 26A1/27Al abundance rat

» Itisignited at 6 ’3 - 26Al abundance is used to estimate the number
temperatures > ‘('e o A neutron stars and, therefore, of neutron star m

0.03 GK and it ’ g \ 4’ (sources of GW)

is important to '
determine the @
abundances of
medium mass “”‘
nuclei

The 26AL/27Al is generally
estimated, so it is

influenced by 27Al

16MeV abundance predictions
Mg-Al Cycles




Reaction Rate Ratio

1e-01 1e+00 1e+01

1e-02

27Al(p,0)?*Mg status of the ar

Z?Al(p, (}()24Mg

Up to one order of

Bl magnitude uncertainty

.01

N - Spectator

o ke o e o o ok R o o R W R e W

Upper Limits of Resonances
: enter partial width u

limit

Mote = vs [enter: "u
Ecm DEcm Jr Gl DG1
71.5 0.5 2 7.4=-14 0.0
B4.3 0.4 1 2.62-12 0.0
183.5 0.7 2 7.5e-4 0.0
214.7 0.4 3 49.7=-5 3.8=-5
282.1 0.4 4 6.4d=e-5 2.6=-5
437.2 0.4 5 3. 4=-5 0.0
R S B S S RS SRS EREEEEEREEREEEEEERESEESEEES S

The most recent review [lliadis et al
shows that for most low-energy reso

only an upper limit is known

- These resonances are the most infl

astrophysics

P = Participant

In the THM approach, we will use the DEUTERON as Trojan
Horse nucleus

We populate narrow resonances in the 28Si down to zero

energy + a normalization region overlapping with existing
data



Data analysis: channel selectio

Y (MeV)

—
o O o
O N :':' T T T T T T T T T

!D-XY A

A=1 from the .f'i- '

o i
Then the Qvalue m |
spectrum is 5] 2 :
reconstructed >
=
()
=

‘ ‘Og—

Bocke St

First the mass of the
undetected particle is

deduced:
Y=Ebeam' EA' EC
X=pA2/2U

000%

Two peaks for 24
and 1%t excited

Arrows: theoretical
Qvalues




Data analysis: relative energy spect

4Mg-a relative energy > 28Si excitation energies = This is the spectrum of astrophysical interest
Z4Mg-n relative energy = 2°Mg excitation energies = background (sequential decay)
“He+n relative energy - °He excitation energies = background (sequential decay)

E_ ..., (MeV)

:‘ [ I I I [
oFf s
m : d T m
g —f 29Gi \ % M
= - = i
Cl\l\) i 27A1 Mg % wl
5 | s |
<Wwt Shr
| j>—/5He ok
N 295 \
271 24\Mg

This is why it is called sequential decay, as you
populate some compound nucleus that later dac
(evaporation of fragments in sequence




Data analysis: selection of QF pro

27A|

When the breakup is quasi-
free, n retains the same
momentum as inside d
(adiabatic process). So n-
momentum distribution
should be the same as in d

We remove p,>0 in B-D
and p,<0 in A-C to
remove background

In any case that side
show no resonances

Background

\09\ T T T

The red curve is the
theoretical one:
normalization is the on
fitting parameter

00c_00b

We gate on a 50 keV energy
window to keep the cross
section constant



Data analysis: angular distribution

[(a) L(d)
Angular . @0.8;— ++ - %kﬂlrk
distributions Sosb z
85t -
» Angular distributions for each o R
peak in the E_, spectra [(a)-(e) in ) @,
order of increasing energy] were gt + 7 2
deduced g
0\10.4; 4})‘
» Each peak is the superposition of "'%o.zj_
many resonances, so only the f() ‘ ‘ N SR
dominant wave can be deduced 08l 4 Ocm. (deg) \
2 | +
A-B & C-D show the same trend A 9. = arccos (i:;p27 AL i‘(aMMg)
The region around m/2 is covered, 8%0_;, \e
which is the most influential for ! SO Red line:
angular integration 8cm (deg) g—; =N (1 +acos*6,,, +bcos*d,,, )

Region (a) corresponds to about 100 keV: would you imagine extractin
angular distributions at this energy, where you have 10 counts in direct
experiments?



Extraction of the resonance streng

« Black dots: sum over the two spectra
for A-C and B-D UElF it

» Following discussion in APJ 708 (2010)
796 the red line is a fit with a sum of
Gaussian functions, with fixed

energies and fixed widths (from MC). _
Heights are proportional to strengths £ =

 The most intense resonances in
STARLIB were all included in the fit
down to about 200 keV

o)

| e TS

Tails of higher energy resonances affects the regi




Energy in cm Strength (eV) Strength
(keV) [from | Jpi [from (eV) [from | error (eV)
STARLIB] STARLIB] THM]

71.5 2+  2.47E-14  uplim  8.23E-15 up lim
84.3 1- 2.60E-13 up lim  1.67E-14 3.2E-15
193.5 2+ 3.74E-07  uplim  2.50E-07 up lim
214.7 3- 1.13E-07 up lim  4.36E-08 up lim
Ave ra e 486.74 2+ 0.11 0.05 0.107 0.021
g 609.49 3- 0.275 0.069 0.245 0.054
va l u eS 705.08 1- 0.52 0.13 0.261 0.065
855.85 3- 0.83 0.21 0.61 0.35
903.54 3- 4.3 0.4 4.20 0.38
» We take the weighted
average of the strengths 1140.88 2+ 79 27 73 14
obtained from the two 1316.7 2+ 137 47 124 o8
normalizations procedure to
1388.8 1- 54 15 12

reduce systematics errors




The full calculation using STARL
(by Philip Adsley)

—6— STARLIBRate
—o— MarcoRate

100% . ‘\ ......... ; // ...... E e T
» Werunthe s

full code (for ™
STARLIB and £° |
STARLIB+TH &'/
M replacing %

“A(p, a)*'Mg

| 72keV 84 keV 487 keV
194 keV

. T 12 5 e 1131k:1kv
our results in .| 0 obomo oSSk s ]

the standard sl A
. ] g o8 \
]nPUt) 07— 0‘1 ‘ 1‘ = % 0.6 [ %
Temperature (GK) 8 sl \

\ oy ,

Is the upper limit for the resonance 0.0 J

. 001 0.1 1' 10
at about 200 keV overestimated? Temperature (GK)




Some astrophysical consequenc

» Closure of the MgAl
cycle

- THM data seem to
strengthen the fact that
no closure of the cycle is
to be expected, but
uncertainties are large

» More work necessary

» Need of more
accurate p,y S-factor

R(p.a)/ R(p Y)

(p,o) This work

(p,o) lliadis et al. (2010b)
——— (p,y) lliadis et al. (2010b)

1
T

0 1
emperature (GK)




When narrow resonances dominate

The (p,'Y) Chan nel the S-factor the reaction rate can be

calculated by means of the resonance
strengths and resonance energies

only. This applies only in the cases

» At astrophysical energies, in directcaptureisinegligible

the case of some resonances it

happens that: 'p <<y <<Ta
Let’s focus on resonance strengths

» This chain of inequations
leads to a resonance strength
wy of the (p, a) channel that is
directly proportional to I'p wy;
through the statistical factor w.

__ w+1 L
2, + D@2Jrg+ 1) Ty

EF (keV) wy (eV) (Tliadis et al. 2010a)  wy (eV) (present work)

71.5 <6.x107%® <2x1071°
84.3 <4.x10713 2.5+1.3x107 2J + 1 1";)1";
1
705.08 0.129 + 0.007 0.077 + 0.004 wy;

(21, + D@+ 1) Ty




The (p,y) channel

T — —100%
10 27 28a: ]
. . . Al(p, Si
» At astrophysical energies, in (-2)
the case of some resonances it

happens that: 'p << Ty <<Ta g

» This chain of inequations ﬁm .
leads to a resonance strength s
wy of the (p, a) channel that is g

50%

directly proportional to ['p
through the statistical factor w.

-
cl
.

25%

Ll el ] o,
0.1 1 0%

Temperature (GK)

EF (keV) wy (eV) (Tliadis et al. 2010a)  wy (eV) (present work)

71.5 < 6. x 1071° <2x1071° Figure 1. Green line: ratio of the STARLIB median re-
84.3 <4 %1013 2.5+ 1.3 x 10~ 14 action rate (Iliadis et al. 2010b) to the one calculated with
N the same statistical approach, using the THM updated res-
705.08 0.129 + 0.007 0.077 + 0.004 onance strengths in Tab.1l. A significant reduction in the
median rate is apparent. The contour plot shows the un-
certainty of the THM reaction rate, taken equal to one over
the whole examined temperature range. The thick lines are
used to encompass the 68% confidence interval, while the
thin lines are used for the 95% one.




log e(F)

log €(F)

The "F p-induced destruction i

Lucatello, S., et al. 2011, ApJ, 729, 40

s-nuclei are produce
brought to the surf
to mixing phenome
with fluorine that is p
in the same region fra
same n-source.

9F is a key isotope as
used to probe AGB sta
phenomena and

nucleosynthesis. But its
production is still uncert

Mostly, unphysical AGB
produce fluorine abundag
compatible with obser



The "F p-induced destruction i
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Liyong Zhang et al., 656 | Nature | Vol 610 | 27 October 2022

The most metal-poo

suggested that a CNO

during hydrogen burni
source of calcium prod
reporting [Ca/H] = -7.



Recent underground measurem
seem to have modified our pres
understanding...

» From the dominance of the oy channel » To the appearance of th

0 3
C e ] o JUNA Expt ]
10°F ] X 4 SPOO Expt .
—_ N 107 F | |———fitl: Sub, 11 keV, 2+ (‘best)) i E
ok e |
- 1} 4 [} |7 fit3: Sub, i ]
£ 10+ =10 SP00 Cale (I, =30 €V) i |
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K. Spyrou et al., Eur. Phys. J. A7, 79-85 (2000) L. Y. Zhang et al., PHYSICAL REVI



Why?

JUNA / deBoer

Rate / SP00

—
S
)

—
<

—_—
<
~

~_JUNA
Zhang et al.
deBoer et al.

0.01 0.1
T9

L. Y. Zhang et al., PHYSICAL REVIEW LETTERS 127, 152702 (2021)

The JUNA col
corroborates
occurrence of &
at 11 keV based
matrix analysis

of 10 with respect to
Spyrou et al. work at
temperatures.

The resonance is so larg
that the effect extend
to 0.1 GK, with potep
impact on several
astrophysical sce



The radiative capture chann

» This result has impad
e Fit 1: sub, 11 keV

------ Fit 2: 11 keV/ also the investigatio
— - Fit 3: sub . .
o JUNA experiment gamma-emission che

» The ratio of the new

the NACRE one is as la

200 at 0.01 GK, and t

contribution of the 11

resonance is probably

oo 30 200 relevant event at 0.1 G

S factor (MeV b)

» The new rate would jus

the observations of Ca in
Liyong Zhang et al., 656 | Nature | Vol 610 | 27 October 2022 Old StarS th rough the
breakout from the CN(
cycles.




However

» Even if the JUNA collaboration could reach record low energies b
measuring deep underground, the lowest energy points were mea
70 keV for the (p,ay) channel and 185 keV for the (p,y) channel.

» 70 keV Gamow energy corresponds to 50 MK and 185 keV to 220 MK
the typical temperatures for fluorine burning in AGB stars (<40 MK)
also for hot CNO breakout in early stars (~100 MK).

Extrapolation was carried out using R-matrix analysis, including a -448 k
subthreshold resonance. The existence of the 11 keV state and of the
their spin-parities and strengths of such states, would be crucial to
the conclusions based on extrapolations




The THM experiment

» We run at LNS Tandem using a |

E,(MeV
55 MeV 1°F beam and CD, target N (Meb)
2H YF+p |2+ irth
n R ' (p,0y)
O (}3- 6.13
®r T 6.05 (p,0/0,)
0 ® e AREN
19 |
F ‘150 Li 0.0 (p,a)
160+,
15000
\Psn D B [
CD, target IC A “ PSD A 10000
e — e r—— = § :
F beam o :
ICB 5000
" PSD B i
PSD C 3 )
03 2




From the THM cross section...

1_ 324 keV
_ B l Sum A-C B-D From the fitting of t
:'E 08~ cross section we ded
= i resonance strengths i
£ M units (only fitting parz
T 828 ke strengths)
o mu’ 0.4 N 564 keV
L ey | S e oy Normalization to the me
S 02f , prominent peaks at 32
- Pl ' 828 keV (each has a stren
0——3 ¥ Y o5 ] known with 4% accuracy)
E. . (MeV)

A-C and B-D detector couples are consistent, so

. . Normalization error is about 3%
data are summed up to improve precision

Model dependence at most 13%

Theory in (e.g.) La Cognata M., et al, APJ 708 (2010) 796



...to the resonance strengths...

EX(keV) J* owyEV)?® SoyEV)? woyEV)® dSoyEV)®

(1) 11 1T 75%x1072  3x1072°  13x107% 1.6x10730
(2) 21271 2= 22x1072  4x1073  23x107%2 2.7x1073

(3) 323.31 1" 23.1 0.9 24.5 1.8
(4) 459.53 1" 9.5 0.7 114 1.3
(5) 56442 2~ 50 6 43.7 4.1
6) 63531 1T 88 10 103.4 11.4
(7) 79053 2*¢ 27 6 23.7 2.7
(8)  828.17 2= 785 32 664.2 59.0
(9) 887.14 1" 452 31 567.1 63.2
2 Strengths as reported in NACRE.

b Present-work strengths.
¢ Our analysis suggests this state is 2.

o The main result of our work is the first time observation of the 11 keV re

we confirm the 1* spin parity attribution based on our experimental angular
distributions analysis

Our measured strength is 5.8 times smaller than the extrapolated values

he analysis was extended to all resonances below 1 MeV to conduct
f our method (with a maximum deviation of 1.8c)

e do not observe the 225 keV resonance due to energy resoluti



... to the THM S-factors

10°F (a) (p, o) o To evaluate the compati
2 . %::ﬁ::gg o the present "9F(p,ary)10 an
= 10’ THM 9F(p,y)?°Ne S-factors with
s 2022 results, we have used t
= 10 strength of the 11 keV reson
S alongside the strengths availa
o 10 the literature for the other

10’ 1 , . , resonances, to calculate the

10° s 7) astrophysical factor S(E) in the
2 ZhangNature 2022 matrix framework using AZURE2

3 ® ZhangNature 2022

2 10 THM o The corresponding astrophysica
s factors are in good agreement wit
5 1 available experimental data
& 10" available, denoting a poor con
» set by direct experimental da

10° taken at energies far from

0.0 0.1 0.2 0.3 0.4 of interest
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Summary

- What are indirect methods? Why are they needed?

- Some theory about the THM for resonant reactions
- Near threshold astrophysical factors for 2’Al+p and "PF+f

- 26Al+n reactions: work in progress

Thanks for
your
attention

" What did you take away from the meeting ? "
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