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Nuclear Astrophysics: An Introduction

Lecture 1
* brief overview of Nuclear Astrophysics
 thermonuclear reactions in stars
* reaction mechanisms:
* non-resonant and resonant reactions
* reaction rates, cross sections and yields
Lecture 2

» stellar reactions in the lab: challenges and requirements
* underground Nuclear Astrophysics

* the LUNA experiment: selected studies

* gamma-ray, charged-particle, and neutron- detection

e future opportunities
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Electromagnetic Radiation: The Messenger of the Universe

wavelength (nm) NuPECC Special Report “Nuclear Physics in Everyday
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shape of spectral lines give info on
chemical abundances
and on physical conditions of stellar
atmospheres
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Cecilia Payne PhD Thesis (1925): A Revolution in

Otto Struve: “the most brilliant PhD thesis ever written in astronomy”
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Henry Norris Russell strongly opposed this conclusion and convinced her to omit it from her thesis...



Solar Abundance Distribution
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Data sources:

Earth, Moon, meteorites, cosmic
rays, solar & stellar spectra...

Features:

* 12 orders-of-magnitude span

e H~75%, He ~23%

e C—o>U~2% (“metals”)

* D, Li, Be, Bunder-abundant

* exponential decrease up to Fe

* almost flat distribution beyond Fe

Why these features?
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On the Origin of the Chemical Elements

The Origin of Chemical Elements

R. A, ALPHER?*

Applied Physics Laboratory, The Jahns Hoplins [Tniversily,
Sslver Spring, Maryland

AND

H. BETHE
Cornell University, Ihaca, New Fork

AND

G. GaMow
The George Washinglon Universily, Waskinglon, D, C,
Febrouary 158, 1948

Phys. Rev. 73 (1948) 803

PUYSICAL REVIEW VOLUME 73, NUMBER 7 APRIL 1, 1948

Letters to the Editor

UBLICATION of brief reports of important discoseries

in physics may be secured by addressing them to this
deporiment. The closing date for this department s five wevks
prior lo the dale of issue. No proof will be semt fo the anthors,
T'ke Bourd of Editors does not hold stself responsible for the
Py f d by the correspond (e ications
vhould not exceed 600 words in length.

The Origin of Chemical Elements

RBOA Aueme®
Applied Physicy Lodwratery, The Johue Hophing University.
Skoer Speing, Msryiond
AND
H. Brrue
Cornell Usinersity, 1thoco, New Yok
AND
G, Gamaw
The Georgs Werbingion U'winersity, Washinglos, D. C,
Febeuary 18, 1948

We may remark at first that the building-up process was
apparently completed when the temperature of the neutron
gas was atill rather high, sinoce otherwise the observed
sbundances would have been stromgly affected by the
resonanoes in the region of the slow neutrons, According to
Hughes?® the neutron capture cross smections of various
elements (for neutron energies of about 1 Mev) increase
exponeatially with atomic number kallway up the periodic
system, remalning approximately comstant for beavier
elements,

Using these croes sections, one finds by integrating
Eqs. (1) as shown in Fig, 1 that the relative abundances of
various nuclear species decrease rapidly foe the lighter
elements and remain approximately constant for the ele-
ments beavier than silver. In order to At the clculated
curve with the observed abundances® it is necessary to
assume the integral of gt during the building-up peciod is
equal to 5X 10 g e, fem?

On the other kand, scoording to the relativistic theary of
the expanding universe* the density dependence on time &
given by p=10%/£. Since the integral of this expression
diverges at =0, it is necessary 1o assume that the building-
up process began ot 8 certain tme le, satislying the
relation:

the “afy” paper

18t April



all elements formed from primordial protons and neutrons

through sequence of n-captures and B decays soon after the Big Bang
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Chemical Composition of the Universe

composition of Universe soon after Big Bang: 'H, ?H, 34He, traces of Li, e &y
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On the Origin of the Chemical Elements

REVIENS O PUBLICATIONS OF THE
MODERN PHYSIC ASTRONOMICAL SOCIETY OF THE PACIFIC

Vorume 29, Numser 4 Ocroser, 1957

Vol. 69 June 1957 No. 408

Synthesis of the Elements in Stars®

E. MARGARET BURBIDGE, G. R. BUrRBIDGE, WiLLIAM A. FOwLER, AND F. HovLE

NUCLEAR REACTIONS IN STARS AND

Kellogg Radiation Laboratory, California Institute of Technology, and T %
Mount Wilson and Palomar Observatories, Carnegie Institution of Washington, NUCLEOGENESIS

California Institute of Technology, Pasadena, California

A. G. W. CAMERON
Rev. Mod. Phys. 29 (1957) 547 (BZFH, 1957) Atomic Energy of Canada Limited

Chalk River, Ontario

Burbidge Burbidge Fowler Hoyle

Nobel Prize

"for his theoretical and experimental studies of the nuclear reactions of importance in the formation of the chemical elements in the universe"
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Stellar Nucleosynthesis: A Major Breakthrough

elements created by nuclear reactions in stars
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Direct Evidence for Nuclear Reactions in Stars

Technetium in stellar spectra (Merrill, 1952) Solar neutrinos (Davis, Nobel 2002)

T P

Bt | SRS R 6 ot o3 OGAPMATEN S GRIASII B4 ¢ D IR -5 B 1 B IS ae

e s R e e e e e n e g o] WY
| | | |
Cal TeI Tel TcI
4227 4238 4262 4297

pp [£0.6%)]

"Be [+6%]

pep [£1%)]

8B [+12%]

hep [£30%)]

40

-//
light curve decline in SN = i

39 Neutrino energy (MeV)
o y-ray emissions from 26Al
> _.
&) cfe R
g ® P8 W‘%*
z A ,
: | 1/4 b i
3 o S Wi "ﬁ, +
o il
g _
-l .

36

?Na "
500 1000 1500 2000 2500 3000 3500
Time (days)



M. Aliotta Stellar Evolution and Nucleosynthesis in a Nutshell

stellar mass and composition dictate evolution e
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Nuclear Burning in Stars

Nonburning hydrogen

Hydrogen fusion
Helium fusion

Carbon fusion

Oxygen fusion

Neon fusion

Magnesium
fusion

Silicon fusion

Iron ash

Average binding energy per nucleon (MeV)
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The Creation of Heavy Elements

| 1 T - 1 T ) 14 T 13 L T T T 1

what about the synthesis of
elements heavier than iron?
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Neutron capture reactions: the s(low) and the r(apid) processes




M Aliotta Neutron Capture Processes: the s- and the r-Processes
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Nucleosynthesis in the r-process
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e time scale ~some seconds!
e thousands of unstable nuclei involved
* large neutron fluxes required! (~102%¢ n/cm?)




Neutron Sources for the r-Process?

core collapse supernovae neutron star mergers

large enough neutron flux? do they exist?
how often/early can they occur?



GW170817: A Major Discovery
|&d Selected for a Viewpoint in Physics —

PRL 119, 161101 (2017) PHYSICAL REVIEW LETTERS 20 OCTOBER 2017

£

GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral

B.P. Abbott et al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 26 September 2017; revised manuscript received 2 October 2017; published 16 October 2017)
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r-process Abundances in Metal Poor Stars

THE ASTROPHYSICAL JOURNAL, 662:39—52, 2007 June 10
© 2007. The American Astronomical Sodety. All rights reserved. Printed in U.S.A.

EXPLORATIONS OF THE r-PROCESSES: COMPARISONS BETWEEN CALCULATIONS
AND OBSERVATIONS OF LOW-METALLICITY STARS

12 2 2 3
KarL-Lupwic Kra1z, ™ KHALIL FAROUQI,” BERND PrFEIFFER,” JAMES W. TRURAN,
CHRISTOPHER SNEDEN,* AND JonN J. CowAN®
Received 2006 August 24; accepted 2007 March 1

r-process abundances in metal poor stars
show remarkable similarities

and excellent agreement with solar values

(not a metal poor star!)

-8.50 | W HD 115444
-950 } @®CS 22892-052
—— SS r-Process Abundances|
-10.50 €BD +173248
¥ CS 31082-001
=11.50 HD 221170
__1250 1 1 1 1
50 60 70 80 90

Atomic Number




Nucleosynthesis in Binary Systems

Compact binary mergers
r-process

Type la supernovae
Fe, Mn: 7
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©ESA and Justyn Maund (Queens University Belfast)




Explosive Nucleosynthesis in Binary Systems

Artist’s representation of an X-Ray Burst

rp process during type | X-ray burst
H. Schatz, NSGL and Dept. of Physics and Astronomy, Michigan State University
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Nuclear Processes in Astrophysics

Overview of main nuclear processes in astrophysical sites

Red Giant Stars
p-process  s-process
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Cycle 103

m stable nuclide
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20

10 Inhomogeneous M.S. Smith and K.E. Rehm,
Big Bang Ann. Rev. Nucl. Part. Sci, 51 (2001) 91-130

the vast majority of reactions encountered in these processes involve UNSTABLE species
hence the need for Radioactive lon Beams



Radioactive lon Beam Facilities

In-flight
: Isotope Separation
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Life Cycles of Stars
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Stellar Evolutionary Paths

birth evolution death

brown

aarr | brown dwarf

low-mass star
0.1 solar masses

\ low-mass star \ star collapses and evolves into a brown dwarf

(0.1 solar masses)

white H
e | White dwarf

sun-like stars
1 solar mass

’cb/lops ing star at heart
of planetary nebula

__neutron star neutron star

\

\
\ Sun-like star
(1 solar mass)

high-mass stars
10 solar mass

dense black

hole

black hole

massive stars contribute to chemical evolution of the Universe

low-mass stars live longer - important for evolution of life




Thermonuclear Reactions in Stars




M Aliotta Nuclear reactions: Key concepts

Consider reaction: 1+2>3+4 Q,,>0(<«< known from atomic mass tables)

probability for a reaction to occur = reaction cross section ¢
Dimension: area Unit: barn (b)=102*cm?

In general: not possible to determine reaction cross section from first principles

However: > cross sections depend on nature of force involved

Reaction Force o (barn) Eproj (MeV)
SN(p,a)'2C strong 0.5 2.0
3He(a,y)’Be | electromagnetic 106 2.0

p(p,e*v)d weak 1020 2.0

» cross sections are energy (i.e. velocity) dependent

Reaction rate: r = N;N, Vo (v)



M Aliotta Nuclear reactions in stars

In stellar plasma: velocity of particles varies over wide range

o0

Reaction rate per particle pair: <ov>;, =jvc(v)¢(v)dv d(v) velocity distribution
0

Quiescent stellar burning:
non-relativistic, non-degenerate gas in thermodynamic equilibrium at temperature T

Maxwell-Boltzmann distribution

1)
2 =
d(Vv) oc exp (— 2“:1_} exp (_ E) >
kT = O(E) o exp(-E/KT)
S Y
/N
i =reduced mass @ ) o £
oC
v = relative velocity ¢
kT Energy

1/2 p
<cV>yp = [ 8 j 13/2 JG(E) exp (— E] E dE
M, ) (KT) O kT



Total reaction rate: Ri, = (1+045)" N;N, <ov>,, reactionscm= s’
N, = number density

Energy production rate: €12 = R12 Q1>
Mean lifetime of nuclei X . (X) = 1
N, <ov>

against destruction by nuclei a

energy production s _ KEY quantity —— > change in abundance
as star evolves of nuclei X

I

to be determined from experiments and/or theoretical considerations

as star evolves, T changes = evaluate <cv> for each temperature

I

NEED ANAYLITICAL EXPRESSION FOR o!
-]



Reaction Mechanisms

l. direct (hon-resonant) reactions

Il. resonant reactions



M Aliotta Direct Reactions

direct (hnon-resonant) reaction process

one-step process

example: radiative capture A(x,y)B

direct transition into a bound state

Ecm:’\z(
\

B

2
G, KB‘Hy ‘A + X>‘ H, = electromagnetic operator describing transition

* reaction cross section proportional to single matrix element

e canoccur at all projectile energies

e smooth energy dependence of cross section

examples of direct processes: scattering, stripping, pickup, charge exchange, Coulomb excitation



M Aliotta Resonant Reactions

Resonant reaction mechanism
two-step process example: resonant radiative capture A(x,y)B

1. Compound nucleus formation 2. Compound nucleus decay
(into unbound state) (to lower excited states)
L e
Eon [ 707, E: zZ7 il
— Y
X
A+x QI B
B 2 2 B
G, o ‘<Ef‘HY‘E> (E,[Hy|A +x)
N\ ~ J . ~ /)
compound decay compound formation
probability oc T, probability oc I',

reaction cross section proportional to two matrix elements

only occurs atenergiesE., ~E - Q
* strong energy dependence of cross section




M Aliotta Resonant Reactions

example: resonant reaction A(x,o.)B

1. Compound nucleus formation 2. Compound nucleus decay
(into unbound state) (by particle emission)

Eon — WA | T ] o
cm ] e

x>
vy

o |(B+ofH,[E, | |(E,[H,|A+x)

- / ~ /
' '

compound decay compound formation
probability oc I, probability oc I',

N. B. energy in entrance channel (S,+E,,,) has to match excitation energy E, of resonant state,
however all excited states have a width = there is always some cross section through tails



Cross Section for Non-Resonant Reactions

|. reactions with neutrons

ll. reactions with charged particles



M Aliotta Reactions with neutrons

4 T T T T T T T

neutron flux distribution ®(E)
(Maxwell-Boltzmann)

no Coulomb barrier to worry about

energy range of interest E ~ kT

1

O oC —
\"

arbitrary units

o(E)®(E)=E "“exp(-E/KT)

stellar reaction rate

<GV> — VTGth L= Q ] ] ]

0 10 20 30 40 50 60 70 80
enegy [keV]

0

G, = measured cross section for thermal neutrons

neutron-capture cross sections can be measured DIRECTLY at relevant energies



M Aliotta Reactions with neutrons

s-wave neutron capture O X 1 = l
VE v

example: “Li(n,y)8Li

thermal cross section

<o>=45.4mb
N_ ™ 1;1m| T T T T T LR L S R AL o
\\ o Wiescher et al., 1989
C o Imhof et al., 1959
[ x Blackmon et al. 1996 ]
P, Lynn et al. 1991
4 e,
"g_ 10 E o Nagai etal., 1991 E
—_— r o this work (exp) ]
7z
S el
- :
QO | s
% Z 40
102L= P
70] FE30¢
2 3.
(@) % 20E
& M
O 10tLE 10
of
100 L il

NEUTRON ENERGY [keV]

deviation from 1/v trend due
to resonant contribution (see later)



Cross Section for Non-Resonant Reactions

|. reactions with neutrons

ll. reactions with charged particles



Reactions with charged particles

charged particles = Coulomb barrier

v Coulomb potential
.
Ekin ~ kT (keV) . . . )
E...i~Z:Z, (MeV) < o~ energy available to initiate reaction
unne .
\ effect \ comes from thermal motion

0] r

nuclear welf § ‘
N
\

T~15x108K (e.g.ourSun) = kT~ 1 keV
T~10"0K (Big Bang) = kT~2MeV

[ kT~ 8.6 x 108 T[K] keV }

during quiescent burnings: kT <<E. = reactions occurthrough TUNNEL EFFECT




Tunnelling Probability

probability of tunnelling through Coulomb barrier for charged particle reactions at energies
E << V.., assuming full ion charges and zero orbital angular momentum:

b —
P, «exp(=27m) = exp| ——= > P, & exp(=27m)
JE s,
_.Z\ 01¢ =
_ [n 227, Sommerfeld s
n 2E & parameter §
Q
S 0.01} ]
o
determines exponential drop
in abundance curve! B3

4 0 1 2 3 4 5 6 7 8 9 10
energy [a.u.]

GAMOW factor [ 2nn = 31.29 Z,Z,(u/E)* ] pinamuand E_, in keV




M Aliotta Non-Resonant Reactions

. 2
Non-resonant reactions G oC TTAZ . Pg (E)- Kb 4 Y|H| a4+ X>‘
geometrical factor / \
(particle’s de Broglie wavelength) interaction matrix element
h h
= = . . .,
p SmE penetrability probability depends on projectile’s

angular momentum / and energy E

1
[ o (E) "5 exp(-2mn) S(E) } (for s-waves only!)

%(_/ H_)
non-nuclear origin nuclear origin
STRONG energy dependence WEAK energy dependence

Above relation defines ASTROPHYSICAL S(E)-FACTOR (units: keV barn, MeV barn, ...)

N.B.
If angular momentum is non zero
8 U+

= centrifugal barrier Vg T must also be taken into account
L



The Gamow Peak

(ov) =[o(V)Pp(v)vdv = [o(E)exp(—E/KT)EJE

b
and substituting for o: (ov) oc |S(E) exp(— — =
: f VE
maximum reaction rate at Ey: a exp _E b 0
dE kT +E
Maxwell-Boltzmann tunnelling through
distribution Coulomb barrier
oc exp(-E/KT) oc exp(-,/E, /E)
P
3’
©
g Gamow peak
o
()
=
ks,
o
1
kT Eo energy



Gamow Peaks and Reaction Rates

 —

.03

Gamow peak: E; =X AEy/2 T=0.03 GK

10°
energy window of astrophysical interest

10°

EO = f(z1’ ZZ’ T)

varies depending on reaction and/or temperature  jgyell. . . /_\ .

0 0.05 XB 0.15 0.2
Energy (MeV)

102

Probability (arb. units)

1 0-30

lliadis, Nuclear Physics of Stars, 2007

Examples: T~ 15x10°K (Tg=15)

C STRONG sensitivity
. oulqmb Eo area under Gamow to Coulomb barrier
reaction barrier (keV) cak ~ <gy>
(MeV) P [
pP+p 0.55 5.9 7.0x10 separate stages: H-burning
o+ 12C 3.43 56 5.9x10-56 He-burning
160 + 160 | 14.07 237 2.5x10237 C/O-burning




Maowa Q8

example: 2*Mg(p,y)?°Al

1 l i ' 1
+
3%
102 -
10 =
L]

TOTAL CROSS SECTION (g barn)

/
,¢—DIRECT CAPTURE >
IO-Z / YIELD
y 2485 i | 227
A + 24
// 3;3 L g vete
-3 GATE .
10 %
B
'0'4, 1 | 1 l 1 l | | 1 | 1 | 1 | 1 1 1 1 1

1
06 08 1.0 1.2 1.4 1.6 18 20 22
PROTON ENERGY Epf(lab) [MeV]




Cross Section for Resonant Reactions

reactions with either neutrons or charged particles



M Aliotta Resonant Reaction Cross Sections

for a single isolated resonance:
resonant cross section given by Breit-Wigner expression

2J +1 rr
O(E)=JT7L2 2 forreaction: 1+T>C—>F+2

(2J,+1)(2J; +1) (E-E,) +(T/12)°

/ AN

geometrical factor strongly energy-dependent term
o« 1/E I';y = partial width for decay via emission of particle 1
spin factor o = probability of compound formation via entrance channel

J =spin of CN’s state

I', = partial width for decay via emission of particle 2

J1=spin of projectile = probability of compound decay via exit channel

J; = spin of target
I' =total width of compound’s excited state

=F1 +F2+FY+...
Er =resonance energy

what about penetrability considerations? = look for energy dependence in partial widths!

partial widths are NOT constant but energy dependent!




Partial Widths and Tunnelling Probabilities

article widths 2h ) 0, = “reduced width” (contains nuclear physics info)
P L =§PZ(E1)95 P, gives strong energy dependence

! 1 1 M L)

example: "*O(p,y)"’F

w
energy dependence of proton o
partial width I'; as function of / .g
zv
4
o
o o
(04
a
-‘ i
<
. . . . '-
particle partial widths have approximately g i;
same energy dependence as penetrability §" op=TF
function seen in direct reaction processes i! (ﬁ':"'""w l
I e L B

PROTON ENERGY E;(lab} [MeV]



reactionrate:  (ov) = [o(V)d(v)vdv = [o(E)exp(—E/KT)EJE
v

here Breit-Wigner cross section
o (E)= 72 2J +1 rr,
(24, +1)(27; +1) (E-E,) +(T/2)’

integrate over appropriate energy region

if compound nucleus has an exited state (or its wing) in this energy range

— RESONANT contribution dominates reaction rate (if allowed by selection rules)



Reaction Rates

l. Narrow Resonances
[I. Broad Resonances
I1l. Sub-threshold resonances



M Aliotta Resonant Reactions through Narrow Resonance

S

Narrow resonances DISTRIBUTION
)_.
I' <<Epg 2 /
e8]
b
Q.
>
=
0
(a4

? MAXWELL- BOLTZMANN

NARROW RESONANCE

&

WIDTH M << ER

ER ENERGY €

-

* resonance must be near energy of astrophysical interest to contribute to stellar rate

« MBdistribution assumed constant over resonance region

e partial widths also constant, i.e. I';(E) =I';(ER)

reaction rate for a single narrow resonance

<Gv>12 =

27

kT

3/2

i (wy). exp(

_ R

kT

i

NOTE - exponential dependence on energy means:

* rate strongly dominated by low-energy resonances (Eg — kT) if any

* smalluncertainties in Eg (even a few keV) imply large uncertainties in reaction rate



Resonance Strengths

rate entirely determined by “resonance strength” @y and energy of the resonance Eg

resonance strength

] 2J +1 [T,
2J +D)2J, +1) T

(integrated cross section over resonant region) Yy (I'; values at resonant energies)

1Ny

often [ <<I,—>T~I[,—> ~T,

F:E +F2 FIFZ

~T.

I <<l —>TI'~I—> 5

reaction rate is determined by the smaller width !

experimental info needed:

« partialwidths T note: for many unstable nuclei

* spinJ
* energy Eg UNKNOWN!

most of these parameters are




M Aliotta Resonant Reactions through Broad Resonances

| o7 D R [ ER et P o ] [ Gt PR R e R (N e I

ll. Broad resonances '~ Er : 5N (p, 700

I 338 kev RETONANCE (Ri) 1028 wev RESONANCE (R2)

W) (W17
103 |

resonances can also contribute through their tails

|0’
F 1640 kev RESONANCE (R3)
1)

- cannot assume constant widths and
constant MB distribution over resonance o

S-FACTOR (keV - barn)

/ DIRECT CAPTURE
e fC2S U0 2 1 8]

need energy dependence of partial and total widths ot
to calculate contribution far from Eg 4

i - ) O (i
500 1000 1500 2000 2500
PROTON ENERGY Epllob) [keV)

<OV>=<KOV> ) +<OV> o

<OV>,.... Non-resonant formalism can be applied (i.e. S-factor, Gamow energy etc.)

Note:

* overlapping broad resonances of same J* — interference effects in cross section

* alsointerference effects between same £ for direct and resonant reactions



Resonant Reactions through Sub-Threshold States

lll. Sub-threshold resenances states @ =
& T
any exited state has a finite width r s
~ | *Ne+p 2425 | 1/2*
['~h/t 0+ 1/2+
hich . q y [ M1E2
igh energy wing can exten . 100%
above particle threshold |

21Na

cross section can be entirely dominated
by contribution of sub-threshold state(s)

“Ne(p.y)*'Na

10'}

S-factor (keV-b)

10°F

 ® b

0 560 1oloo 1500
E (keV)
lliadis, 2007

Examples: 2°Ne(p,y)?*Na, 12C(a,y)*e0

10"




Stellar Reaction Rates

CROSS SECTION o (E)

{log. scole)

stellar reaction rates include contributions from

* direct transitions to the various bound states

* all narrow resonances in the relevant energy window

* broadresonances (tails) e.g. from higher lying resonances
* anyinterference term

total rate <GV> = 2<GV>DC1 + 2<OV>R1 + <Ov>tails + <Ov>int

10 , . .
NEUTRONS
RESONANCE oy
% NR
1 o 10"t SR BR
wn
NARROW .
RESONANCE '9
8
/ s 100
BROAD RESONANCE @)
SHOWING INTERFERENCE 14
EFFECTS WITH NOh- o0 (&]
RESONANT PROCESS 0 &
NON - RESONANT = )
PROCESS CHARGED R 4
PARTICLES K2 107 F NNR+TBR
)
Wy I‘p uyaci“y 1 1 1
oc 0 0.5 1 1.5

%
INTERACTION ENERGY £ Energy (MeV)

Iliadis, 2007



Electron Screening



Electron Screening

1
o (E) = g exp(-2mn) S(E)

. s Sscreen(E)
assumption: 271n ~ ZZ,(u/E) fian(E) = < @ exp(mU,/E)
bare nuclei pare(E)
‘ S(E)
Ec
- screened S(E)
g fit to measured
= low-energy data
g
o)
el 1 N
ol I N E+U.
3 screened . E
-2 I I — ———— bare S(E) extrapolation
0 Rn Ratomic R 0 E
in the lab and in stellar plasmas . ) _ o
_ _ typically, experimental investigations
interaction affected by electrons
SCREENING POTENTIAL U, ‘
. . U, in excess of theoretical limit !
typically tiny amount (~ 10-100 eV)
=> corrections typically negligible electron screening puzzle

— except for ultra-low energies



Part I



Astrophysical Reaction Studies in the Laboratory:
Experimental Challenges of Direct Measurements




M Aliotta Thermonuclear Reactions in Stars

BUT:

o(E)

LOG
SCALE

Gamow peak: energy window where information on nuclear processes is needed

KT << Ey << E_,, = 108 barn <o <10° barn = Major experimental difficulties

CROSS SECTION

resonance

‘(— direct measurements ——>

U
Eo Ecoul
H_/
extrapolation Coulomb
needed ! barrier

S(E)

LINEAR
SCALE

sub-threshold
resonance

Procedure: measure 6(E) over wide energy, then extrapolate down to E,!

S-FACTOR

>

extrapolation
direct measurement

>

\L

>

non resonant
process

E, interaction energy E

DANGER OF EXTRAPOLATION'!



Astrophysical Reaction Studies in the Laboratory

Schematic Layout for Nuclear (Astro-)Physics Experiments

BEAMS
* high beam currents
* low energy (easily tunable)

'ON'$RCE\ * high purity
|
I
i ACCELERATOR TARGETS
E * high purity (solid or gas)
! * known stoichiometry
ION-BEAM . . . .

I A * appropriate thickness and uniformity

_L e ‘ TARGET
ANALYZER | \}, - \ BEAM-STOP
> —.—-D —A— ++ - N (FARADAY-CUP,
| U CALORIMETER)

QUADRUPOLE STEERER BEAM PROFILE FARADAY NUCLEAR

L LENS MONITOR Cuj’ AADIATION
BEAM-TRANSPORT SYSTEM DETECTOR DETECTORS
| . .
Excellent Students! wccrmonc - high efficiency
- e good resolution

DISPLAY @;—— g:] DATA-STORAGE




Quiescent stages of stellar evolution

FEATURES T~10°-102K = E,~100keV << E,, = tunnel effect

1018 barn <o < 10° barn

U

U

average interaction time 7t~ <ov>1~10%y

unstable species DO NOT play significant role

CHALLENGES 108 b <o <10° b

U

poor signal-to-noise ratio
major experimental challenge

U

extrapolation procedure required

REQUIREMENTS poor signal-to-noise ratio long measurements
ultra-pure targets

high beam intensities

b Ul

high detection efficiency



Explosive Scenarios

/ ,
g@ Explosive stages of stellar evolution
\

FEATURES T>108K

U

Eo~1MeV ~ E,

10° barn <o <103 barn

U

U

cross sections “easy” to measure

CHALLENGES unstable nuclei = short half-lives (10° - 10 s)

U

unknown nuclear properties

REQUIREMENTS — Radioactive lon Beam facilities

— produce and accelerate ions of interest
— dedicated detection systems



M Aliotta Thermonuclear Reactions in Stars

low cross sections = low yields = poor signal-to-noise ratio

Yield = N, x N, x cross section x detection efficiency

b

10 pps (~100 pA g=1+) typical stable beam intensities

l

10%° atoms/cm? typical solid state targets

\ 4
10> barn (often even smaller)

\ 4
_ 100% for charged particles
Y = 0.3-30 counts/year ~1-10% for gamma rays (HPGe detectors)

~1.2-120 counts/PhD How to increase the signal-to-noise ratio?




counts /h/keV

Main Sources of Background

natural radioactivity (mainly from U and Th chains and from Rn)
cosmic rays (muons, "°H, “Be, 4C, ...)
neutrons from (o, n) reactions and fission

1000 ,
typical y-ray spectrum at surface lab

1000

100

10

1

01 ambient

: — .

neutron induced
0.01
cosmic rays

1E- 7000 2000 3000 4000 5000 6000 7000 8000

Ey [keV]

ideal location: underground + low concentration of U and Th
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'DIANA :
proposal (currently defunded) |

0.4 MV single-ended: H, He, C |
3.0 MV single-ended: H, He, C

CASPAR
active (since 2017)

1 MV single-ended: H, He

4

~,

yi
" fﬁ'—_’— ——————————

LSC (2450 m.w.e.)

CUNA ;
- Design studies for accelerator |

S AoV, }

[ ANDES (4500 mw.e)

Lab under construction

I/
P |
5 | Design studies for accelerator

Underground Laboratories for Nuclear Astrophysics

So 5

-

Z
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e

/:’f
- PR T amindy e
/:m " Felsenkeller (110 m.w.e.)
Lh AR

5 MV tandem: H, He, C, N

A

o
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-
.

LUNA 50

decommissioned (2003)
0.05 MV single-ended: H, He

LNGS (3800 m.w.e.)

LUNA 400

active (since 2001)
0.4 MV single-ended: H, He

LUNA MV

under construction
commissioning 2019

3.5 MV single-ended: H, He, C

b A /@

JPL (6720 m.w.e.)
JUNA

construction / commissioning
installation underground 2019

0.4 MV single-ended: H, He A

Y ., 7

courtesy: A. Boeltzig



LUNA: A Brief Introduction

LUNA: Laboratory for Underground Nuclear Astrophysics (established early 1990s)

Y o Vs Laboratori Nazionali del Gran Sasso, INFN ——
@wﬂz«lmdkm CSlovenija~~ ,
O Venezia ‘§[°‘“-‘"“‘ aZagreb— ’SL A, Cosmic ray attenuation: y — 10®
(> f Hrvatska s YA
“Torino \ Bologna Croatna'\\ 2 % o |
Genova N 0
e Monaco Italia \ z (3800 m.w.e.)| . "
Italy@ »CrnaGo (X LN ‘ - )
ROIT\a <‘ ‘ . x _“ ’ (".‘ (,':};\, 4 "{ ;‘ 3 - 5 :‘:\ A 50 ’ E2 4 .
Napoli Barl  Tiran s y T+ 11991-2001)
Tyrrt : .,)’ LUNA 2 —/.'
yrrhenian Sea S "\
400 kV \\ B
| (200 f%‘: A
Palermo : F‘ £ |;1
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Background Comparison
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Background Comparison

4

2087}
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NB shielding becomes even more efficient underground



The LUNA 400 kV facility

AN ~

8 Windowless gas target:
> 3 differential pumping stages
> Gas recirculation and purification

400 KV ACCELERATOR: )
> H"and He* beams
> |~ 250 pA

> AE = 100 eV

Solld Ta rget /




LUNA: A pioneering experiment

30 years of Nuclear Astrophysics at LUNA (LNGS, INFN)

solar fusion reactions
3He(3He,2p)*He  2H(p,y)*He 3He(a,y)’Be

electron screening and stopping power
°H(®*He,p)*He  3He(?*H,p)*He

CNO, Ne-Na and Mg-Al cycles
12'13C(p,y)13'14N 14,15N(p'y)15,160 160(p’y)17|: 20'21'22Ne(p,y)21'22'23Na 22Ne(a,y)26Mg 23Na(p,y)24l\/|g 25|\/|g(p,y)26A|

(explosive) hydrogen burning in novae and AGB stars
70(p,1)*F 7O(p,a)N  #0(p,1)°F  120(p,c) 5N

Big Bang nucleosynthesis
H(a,y)°Li *H(p,y)*He  °Li(p,y)’Be

neutron capture nucleosynthesis
13C(q,n)'60
some of the lowest cross sections ever measured (few counts/month)

24 reactions in 30 years: ~15 months data taking per reaction!




Recent Selected Highlights

* Big Bang Nucleosynthesis: ’H(p,y)3He (gamma rays)
* O-rich Pre-Solar Grains: 170(p,a.)1*N  (charged particles)

* Neutron source for heavy elements: 13C(a,n)®0  (neutrons)



Big Bang Nucleosynthesis
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Big Bang Nucleosynthesis

Primordial Nucleosynthesis (BBN): 3 minutes after Big Bang oo . . @
, , : H— :
BBN is only tool to probe state of early universe 10 ¢ Helium 4 (*He) 4
= i ;
“8’) 102} Deuterium (2H) .
Be G : ]
/TN £ o
// % 9 E
-4
he°§// h 2 N :
y B S osL  Helium He)
/ o E
A w7 A S ¢ =
// 4 “-//,,--"" // g 106 E- "§
/L I i o
(D.p) ~ X s »
3 .4 *~ . c 10
He He %Qg' § 8
s o
tpv){ (O.n) @ o / £ < :
£ = ]
109
o _On I8 ‘(Dp) =/ L & 3
AN 1010 J
\ Lithium (7Li) 3
\ 11 reactions 101 Ll ul ul L
1012 1011 1010 r109 108 107

n + neutron decay
Density of Ordinary Matter (Relative to Photons)




Big Bang Nucleosynthesis

determine baryon density from comparison between BBN predictions and observations

0.01 Q
026 F  X(He4)
0.25
0.24
0.23
0.22

0.05

Deuterium is an excellent baryometer

* Disonly produced during Big Bang Nucleosynthesis

104 * Dis destroyed easily in stars

10-5 * D abundance is the most sensitive to the baryon density Q,

10-° * D abundance also depends on the effective number N of

neutrino species

10-10

10-10 10-®
Baryon/photon ratio 7= ng/n,




The d(p,y)*He reaction: state of the art before study at LUNA

* Astronomical observations of deuterium abundance have reached % accuracy [Cooke et al, AP) 781 (2014) 31]

* BBN predictions of deuterium abundance affected by large uncertainties [Di Valentino et al, PRD 90 (2014) 023543]

2.5 i I I I I I
Tisma (2019) +<o— L.
Marcucci (2016) ------ p
Adelberger (2011) = = P
Casella (2002) —&— .
20 Schmid (1997) —e— .
. B Ma (1997) +—w— -, T
Griffiths (1963) -
Griffiths (1962) ey
o) gt ~°
> 15 ” ‘,»' ” &
o .
- =l
B 15 high precision data at BBN energies required
(fl) . ","’ - l’ Y
(p.y) ,}” 2 %, i
(ny) (D.p) 05 v g _
-0 I ' - )4 st
» ? BBN energy range
\ 00 | 1 | 1 |

0 50 100 150 200 250 300
n E [keV]




LUNI

Primordial Deuterium Abundance:

The d(p,y)*He Reaction



The d(p,y)*He reaction at LUNA

Experimental Setup

* proton beam (100 uA)

* Epeam =50-400 keV (full BBN range)

* extended D, gas target (99.99% isotopic purity)

* Beam stop = calorimeter -> current measurement

4] _ = D(p,y)*H
wE E, = 50 keV “E, = 395 keV ——

E M -

- F g . D(p.yPH

[ Mo‘i“{“&i\l‘ pY e 104 _ Jj
%) B *n'r‘_‘l %) B L
= - i : = L e j;f o K
o B Udrkh‘b‘k;[_»{-\‘ojl g 03 ‘\“\.\/ ﬁ']
£ 102 1 £ . - mewrmmwwwwm'ﬂm !
é’ = | with (inert) “He gasy § . ‘

- | (P=0.4 mbar) ' B

55| @ beam-induced
g | with D, gas target = background (*°F(p,oy)'®0 W
e ‘ (P=0.3 mbar) - reaction)
l‘llllllllllll‘xJ\LlllllllIllll‘lllllllll _IIIIIII|III|III|]II|lIIlIII|III|III|III|III|I]I
1 > B B 40 42 44 46 48 50 52 54 56 58 60 62 64

E, [MeV] E, [MeV]




The d(p,y)*He reaction at LUNA

2.5 - —e— LUNA data (this work)

— Fit (this work) faster destruction of deuterium
—o— Tisma (2019) i
------ Marcucci (2016) better agreement with observations
2.0F - = Adelberger (2011)
—e— Casella (2002)
+—e— Schmid (1997)
. —w— Ma (1997)
2 15¢ Griffiths (1963) Mossa et al. EPJA, 56 (2020) 144
O Griffiths (1962)
e Source Method ASIS (%)
8 Beam energy Direct measurement 0.2
il 01 =
%) Energy loss Low gas pressure 0.04
T and P profiles Direct measurement 1.0
Beam heating Direct measurement 0.5
05 F Gas purity Data sheet 0.1
A Beam current Calorimeter calibration 1.0
W Efficiency Direct measurement 2.0
Instrumental effects Pulser method 0.2
0 : g : : : ! Angular distribution Simulations 0.5
0 50 100 150 200 250 30 Total 26

E (keV)
Mossa et al. Nature, 587 (2020) 210




The d(p,y)*He reaction at LUNA

Article | Published: 11 November 2020

The baryon density of the Universe from an
improved rate of deuterium burning
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Pre-Solar Grains Composition:

the 7O(p,a)'*N reaction




M. Aliotta Pre-solar grains in meteorites

Pre-solar grains:
stellar dust trapped in meteorites el Tl
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http://geosci.uchicago.edu/

M. Aliotta Pre-solar grains in meteorites

the puzzling origin of Oxygen-rich pre-solar grains

* Group |l (about 75%): show 102k
excess in 7O compared to solar :
values;
-3 L
origin well-understood: 9 10 0 :
e :...§9!.=%r ____________________________________________ iy
red giant stars (1-3 Mg) O - o

10-45' ¢ ALO; ;
« Group Il (about 10%): excess in :?;?f;im <>
170, but strongly depleted in 180 10_5' _D S_lh_ciu_:i__l o § o
origin highly debated! 107 10" 107 107




M. Aliotta Pre-solar grains in meteorites

intermediate-mass (4-8 Mg) AGB stars

expected to produce large amounts of dust but... 1072 - Presolar grains AGB models
1 lliadis ¢ Group | O Group Il 4.5Mg 5.0 Mg
H-burning temperatures too low to explain ’O/°0 ratios |
|
with available models and *’O(p,a)!*N reaction rate (lliadis, 2010) og
TP34 _ Mixing with solar 1% 5% (>'<>
4 © %005 10%
o
o
0
=
O
107 -
|

152

an improved study of Y’O(p,a)**N was needed




LUNI

170(p,at)**N reaction



The "7O(p,a)“N reaction

Er, (keV) E,(keV) J*  Eg,(keV)
519} [60%6 41 o160
193~ (2789 2] <1763

Ge07) | 70| B8 Tl t1617
"O+p  [56% 5503 1+ T
5/2+ } ,
T T (4415)
| 1
! : 19N + o
1 1 1+
1 1
] 1
1 I
] 1
| :
| 60%| |40% !
1 1
< »':
1081 o
937 3
'

-y
Q0
T

* resonance strength of 193keV state well known

* resonance strength of 70keV state largely uncertain

MAIN GOAL: measure the strength of the E,= 70 keV resonance

Detectors

Bruno et al EJPA51 (2015) 94

 protective aluminized Mylar foils (2.4 mm) before each detector

» expected alpha particle energy E, ~ 200 keV (from 70 keV resonance)



Background Suppression

Edinburgh : I : I : I . I , | .
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PRL 117, 142502 (2016)

70O(p,a)'*N Results

PHYSICAL REVIEW LETTERS

week ending
30 SEPTEMBER 2016

Improved Direct Measurement of the 64.5 keV Resonance Strength
in the 70(p.@)"¥N Reaction at LUNA

C.G.Bruno,"” D. A. Scott,' M. Aliotta,"" A. Formicola,” A. Best,” A. Boeltzig," D. Bemmerer,” C. Broggini,” A. Caciolli,’
E Cavanna,® G.F. Ciani.4 P. Corvisiero,® T. Davinson,l R. Depalo,7 A. Di L,eva,3 Z. Elekes,9 F. Ferraro,® Zs. Fijlbp.9
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On the origin of Group Il grains
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Origin of meteoritic stardust unveiled by a revised LUNA
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new LUNA rate allows to reproduce correct abundances

confirms intermediate mass AGB as likely site of production
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The Creation of Heavy Elements:

the 3C(a,n)°0 reaction



M. Aliotta Neutron Sources for the s-process

13C(o..n)160 importance: s-process in AGB stars
(o,n) Gamow region: 130 - 250 keV
min. meas. E.,,: 280 keV
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Neutron Background Reduction at LNGS

Csedreki et al. NIMA 994 (2021) 165081
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The 3C(a,n) 80 reaction at LUNA

PHYSICAL REVIEW LETTERS 127, 152701 (2021)

13C(oc,n)160

Direct Measurement of the 3C(a,n)'%0 Cross Section into the s-Process Gamow Peak
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Future Opportunities



A 3.5 MV Accelerator with ECR lon Source

Acceleration tube
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Sen et al. NIM B450 (2019) 390
I1H* (TV: 0.3-0.5 MV): 500 pA
1H* (TV: 0.5—-3.5 MV): 1000 pA
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4He* (TV: 0.5 — 3.5 MV): 500 pA
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The N(p,y)'°0 reaction and the solar metallicity

14N(p Y)150 importance: CNO cycle, solar neutrinos, solar metallicity, age of GC
b
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M. Aliotta Neutron Sources for the s-process

22N e(a.n)2°M importance: weak s-process component
(@n) g Gamow region: 360-690 keV

min. measured E: 700 keV
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M. Aliotta The 2C+'2C fusion reactions: Current status

12c412¢ importance: evolution of massive stars
Gamow region: 1-3 MeV
min. measured E: 2.1 MeV (by g-ray spectroscopy)
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To conclude...



Nuclear Astrophysics: A Truly Interdisciplinary Effort

Astrophysics

Stellar evolutionary codes

nucleosynthesis calculations
astronomical observations

Nuclear Physics | ‘f‘/ Plasma Physics

experimental and
theoretical inputs
stable and exotic nuclei

Atomic Physics
radiation-matter interaction
energy losses, stopping powers

spectral lines
materials and detectors

degenerate matter
electron screening
equation of state




Ingredients from Future Breakthroughs

experiments
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