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Abstract

The synthesis of Ne, Na, Mg, and Al isotopes is connected to the NeNa-MgAl cycles of stellar burning.
The entire cycle speed is controlled by the 2°Ne(p; )*!Na reaction (Quaiue=2431.68 keV) which is the

rst and slowest reaction of the whole NeNa cycle. At the state of the art, the associated reaction rate
uncertainty therefore a ects the production of the elements in the NeNa cycle and their yields in various
stellar environments. In the relevant temperature range from 0.1 GK to 1 GK, the rate is mainly dominated
by the 366 keV resonance, corresponding to the excited state of Ex = 2797:5 keV, and by the direct capture
component. The present thesis analyses the direct capture below energies of 400 keV, which has been studied
in deep underground at LUNA (Laboratory for Underground Nuclear Astrophysics), located at Gran Sasso
National Laboratories in Italy. The reaction has been measured using the intense proton beam delivered by
the LUNA 400 kV accelerator and a windowless di erentially pumped gas target lled with natural neon at
pressure of few mbar. Two fully shielded high-purity germanium detectors collected the photons produced
in the reaction, obtaining associated gamma spectra. This work will present the experimental details of the
campaign and its scienti ¢ results, focusing on the measured °Ne(p; )?>'Na cross section at stellar energies
and its possible impact on the associated thermonuclear reaction rate.
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1 INTRODUCTION

1 Introduction

The life of a star is continuous battle against its own gravity, which acts as an inward directed
force leading the star to collapse under its own weight. However, thanks to the high temperatures
and densities reached in stellar interiors, this collapse can be halted by the onset of thermonuclear
reactions. These reactions can provide the internal pressure needed to keep the star in hydro-static
equilibrium, as long as nuclear fuel is available.

The evolution of a star during its whole life can be followed on the Hertzsprung-Russell (HR) dia-
gram, one of the most powerful tools in astrophysics, which can be used to trace stellar evolutionary
stages. The diagram relates the luminosity (or the absolute magnitude) of a star to its e ective
temperature. An example is shown in Figure 1, where the path of three di erent stars having masses
respectively of 1, 5 and 10M ) is also reported.

Stars located at di erent regions of the HR diagram are burning di erent types of fuels through
thermonuclear reactions. In general, nuclear burnings proceed through chain and cycles, during
which various elements are burned into heavier ones, depending on the achieved temperature. Main
nuclear processes include hydrogen, helium, carbon, neon, oxygen and silicon burnings. They can
be burned either in the core or in shells around it, creating an onion-like structure of burning shells.
When a fuel is exhausted, the core begins to contract, increasing its pressure and heating up. The
equilibrium can be restored only when the temperature has risen enough to ignite the successive
fuel.

Nuclear reactions in a star are important not only as an energy source that keeps the star alive, but
also as a way to synthesize the chemical elements we found all over the cosmos. It is therefore cru-
cial to characterize precisely the nuclear network through which the reactions proceeds. Theoretical
models have been developed to reproduce the evolution of di erent stars and the observed elemental
abundances. One of the most important input to these models are thermonuclear reaction rates:
the number of reactions taking place at a given stellar temperature per unit time and unit volume.
The goal of experimental nuclear astrophysics is to directly measure or to extrapolate at energies
relevant for stars these reactions rates, with uncertainties as small as possible.

The rst section of this thesis will provide a general overview of thermonuclear reaction rates for
di erent types of nuclear reactions. Then, the astrophysical relevance of th¢’Ne(p; )?*Na studied
for this work will be underlined, focusing on the main astrophysical sites where the reaction takes
place. State of the art knowledge of the reaction will be also brie y reviewed. In the third section
the LUNA (Laboratory for Underground Nuclear Astrophysics) facility and the experimental setup
adopted for the 2°Ne + p study will be presented in details. Afterwards | will go through the data
analysis procedure and nally the preliminary results obtained will be shown.
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Figure 1: Hertzsprung-Russell (HR) diagram which shows stars' evolution in terms of their luminosity and
temperature. The former is reported on the y right axis and is connected to stellar mass and radius. The
latter is reported on the x top axis. The colors of the background show the spectral class (reported on the x
bottom axis) to which a star of given color index belongs. The stellar evolutionary tracks for three di erent
stellar masses (1, 5 and 10M ) are shown as blue lines passing through the main stellar evolutionary phases.
lllustration from Robert Hollow, Commonwealth Science and Industrial Research Organisation (CSIRO),
Australia, adapted by Carin Cain.

2 Thermonuclear reaction rates

A nuclear reaction can be schematized as a two body interaction of the typé + a! B + b, where
a is the projectile, A is the target nucleus, B and b the products of the reaction. The associated
reaction rate is de ned as the number of reactions per unit time and unit volume [1] and depends
on the nuclear cross section , the densities of the reactantsna and n, and their relative velocity v:

Faa=Na Na Vv (V) (1)

In stellar plasma, however, nuclei do not have the same exact speed, but they rather follow a
certain distribution of relative velocities (v). For a non degenerate non relativistic plasma in
thermal equilibrium, this is given by the Maxwell-Boltzmann (MB) distribution, which tell us the
probability that two nuclei have a relative velocity between v and v + dv:

3 )

= Z‘YT 2
(v) T e 4v (2)
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where = % is the reduced masskg the Boltzmann constant and T the temperature. The

distribution is normalized to unity.

Figure 2: Maxwell-Boltzmann distribution giving the number of particles with energy between E and E+dE
at di erent temperatures.

Using the velocity distribution  (v), we can rewrite Eq. 1 as
z 1
Faa = Na Ny (V)v (v)ydv=na hy < v> 3)
0

where< v > is the reaction rate per particle pair.
It is also possible to switch to the energy domain considering thatt = % v 2 and dE = v dv, thus

obtaining (E)

1 e P—
————e BT E 4
(ks T)*= @

In Figure 2 an example of the MB distribution for di erent stellar temperatures is plotted.
Finally we can write the reaction rate per particle pair as function of stellar energies

Z,

()= p=

g8 ® 1

o= F (Be e (5)

<v> =

Note that, in practice, it is the quantity Na < v > (where Ny denotes the Avogadro constant)

in units of cm®mol s ! which is usually tabulated and presented in the literature [1]. The energy
dependence of the cross section is linked to the reaction mechanism, which can be resonant or non-
resonant. In the following sections the basics of the two mechanisms will be brie y explained, with

a focus on direct capture reactions relevant for this thesis.
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2.1 Non-resonant reactions

Nuclei are positively charged particles, made up of protons and neutrons. Therefore, according to
Coulomb law, they repel each other establishing a repulsive Coulomb potential. The qualitative
behaviour of this potential is shown in Figure 3. For radius r larger than the nuclear radius, the
potential is given by E¢c = ZTfi”ez where Z7 is the charge of the target nucleus,Z, the charge
of the projectile and e the elementary charge. At shorter distances, instead, the attractive strong
force creates a potential well that can hold interacting nuclei together. This implies that only
projectiles with energy E, > E ¢ can overcome the Coulomb barrier and fuse with the target
nucleus. Otherwise, they will be repelled after reaching a minimum distanceR¢ (E), classically

given by the balance of the projectile energy and the barrier.

Figure 3: A simple representation of the combined nuclear and Coulomb potentials. An incident projectile
with energy E < E ¢ reaches the minimum distance from the target nucleus (classical turning point) and is
bounced back.

This classical limit for fusion has an important consequence. In stars, nuclei kinetic energies arising
from internal temperature usually cover a range ofky,T  hundreds of keV or less, while Coulomb
barrier is higher, of the order of MeV. Projectiles are not energetic enough to overcome the fusion
barrier and initiate the reaction. Only introducing quantum mechanics in the picture can solve this
'issue’, through the quantum tunneling e ect: there is a nite probability for a nucleus to overcome
the Coulomb barrier, even for E, < E ¢. This tunneling probability can be found by solving the
Schredinger equation and is given as rst approximation by the Gamow factor

' —7
C
Ptunneling =e 2 = ZpZT f (6)
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where is the Sommerfeld parameter, with the ne structure constant, the reduced mass in
amu and E the energy in the center of mass in keV. It is clear that the probability increases with
increasing energy. For charged particles, the cross section will be proportional tBwnneing and also
to the geometrical cross section, given by the De Broglie wavelength according to
h 2

E)y/ 2= — 7

(E) pﬁ (7)
where h is the Plank constant. Combining the two proportionalities given by Eq. 6 and 7 and
residual dependencies, we can nally write the cross section as

(E)= ZS(E)e 2 ®)

The quantity S(E) is called astrophysical S-factor and contains all the nuclear properties on which

the reaction cross section depends. For a non-resonant process, the S-factor energy dependence is
usually weak, showing a rather at and smooth behaviour. This allows an easier extrapolation of
S(E) at low stellar energies from experimental data at higher energy values.

Finally, we can write the thermonuclear reaction rate per particle pair as

g = 1 %1

<v> = -
(ke T)*= o

S(E)e 2 e FeTdE (9)
The two exponential have a di erent energy dependence: while the tunneling probability increases
with increasing energy, the exponential coming from the MB distribution decreases for increasing
energies. The convolution of this two terms produces a narrow energy window within which most
of the reactions take place: theGamow peak It depends on the mass and the charge of the
interacting nuclei and on the typical temperature of the stellar environment of interest. Below the
Gamow peak, the Coulomb barrier penetrability is too low, above it the nuclei in the high energy
tail of the MB are not enough to produce a signi cant number of reactions. In Figure 4 the two
exponentials dependencies and the Gamow peak are plotted for th&®Ne(p; )?*Na reaction at a
typical temperature of T=0.4 GK.

The maximum of the peak can be found putting the derivative of exponentials products to 0 and is
given in MeV units by
Eo=0:122Z222T &)= (10)

where Ty is the temperature expressed in units of GK and the reduced mass in amu. At rst
approximation, it is possible to express its e ective width by considering the peak Gaussian
shaped, giving

p
= p% EOkB T (ll)

We can therefore identify the Gamow window with a lower and upper boundary given byE, ~itis
crucial to know the reaction rate in this energy range as precisely as possible for each possible stellar
scenario where the NeNa cycle is relevant, to give reliable inputs for nuclear network computations.

2.1.1 Direct capture

The direct capture (or radiative capture) is a non-resonant reaction of the typeA+ a! B+ |,
where the projectile a is immediately absorbed by the target nucleus A. The resulting heavier nucleus
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Figure 4: Gamow energy window for the 2°Ne(p; )*Na reaction at 0.4 GK (typical ONe novae temper-
ature). In orange the tunneling probability, in blue the Maxwell-Boltzmann distribution and in gray the
Gamow function given by the products of the two exponentials. The maximum of the peak Eg is also
reported.

B is created either in the ground state or in an excited state, emitting a photon with energyE
E = Qvalue b+ Ecm Ei

where E., is the energy available in the two interacting nuclei center of mass and; is the energy
of the level populated in the product nucleus. If the B nucleus is excited, a gamma-ray cascade is
emitted, eventually leaving the nucleus in its fundamental state.

A schematic representation of the process is presented in Figure 5. Direct capture is a purely
electromagnetic process, whose cross section is therefore proportional to the interaction Hamiltonian
H matrix element between entrance channel A+a and exit channel B

/j <BjHjA+a>j?

If in a nuclear reaction cycle there are radiative captures, since they do not involve strong force, they
are usually the slowest reactions of the whole cycle, thus controlling its speed and the nucleosynthesis
of involved elements. It is therefore important to directly measure their cross-sections at relevant
energies, but because of their low occurrence probability, it is at the same time a complex task to
ful I.

All things considered, the reaction rate per particle pair for a direct capture reaction can be written
as

Zl 8 1=

g8 = 1 e
— S(E)) e? efTdE= °
0

(ke T)= S(Eo)e =7 (12)

< > = J—
Y (ke T)=

Note that the S-factor has been taken out from the integral exploiting its weak energy dependence
and the integral is evaluated using the Gaussian approximation of the Gamow peak.

1The Q value is the energy absorbed or emitted by a reaction and is given by the energy dierence between
the reactants and the products. Namely, for a reaction A + a ! B + b, if m is the mass, we have Quaue =
c2(ma + ma mg my). If Q> 0 the reaction is exothermic and releases energy.
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Figure 5: Direct capture reaction scheme.

2.2 Resonant reactions

A nuclear reaction can proceed through a resonant mechanism when the entrance channel (projectile
plus target nucleus) has an energy that matches an energy levét, of a compound nucleus. It is
therefore a two-step process where an excited compound nucleus is formed and subsequently decays
to lower lying states [2]. The resonant condition is given by

Er = Quae * Ecm

The excited state can decay either by photons or particles emission, producing a nucleus either
equal or di erent from the compound one. These types of processes show a much stronger energy
dependence in their cross-sections with respect to a non-resonant case. In Figure 6 a schematic
representation of a resonant process is depicted, witltgr energy in the center of mass required to
switch on the resonance.

Considering that the level E; populated by the reaction decays to a lower levelE; via photon
emission, the cross-section can be written as proportional to

Ij <E(jHtjA+a> ?j<E{H]E >

where we have two matrix elements, the rst associated to the formation of the compound nucleus
with energy E, starting from the entrance channel A+a and the second to the subsequent -emission
populating the level with energy E; . Each of these matrix elements corresponds to a partidlwidth

i. According to Heisenberg's uncertainty principle, in fact, the energy of a nuclear level is not
in nitely precise (in other words, it is not a Dirac delta). On the other hand, it has a certain energy
width that makes it possible to achieve a resonant condition even when the entrance channel energy
is not exactly E;. Taking into account all the di erent ways in which the resonant level can be
populated and de-excite, we can also in}goduce a total width as the sum of the partial widths of all
the allowed formation/decay modes = i

2Partial means that it refers to the speci ¢ decay mode involved.
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Figure 6: Resonant reaction scheme, with decay via photon emission.

For a resonant reaction, the cross section is well described by the Breit-Wigner formula

2 2 +1 (1+ ent
(Zja+1)2ja +1)

ex

W E Er)2+( =)

BW

(13)

where

too= pzh—? is the De Broglie wavelength of the projectile in the center of mass system and

7
" ja and ja are the spin of the two interacting nuclei, while J is the spin of the excited state
populated in the compound

aa IS the Kronecker delta function, necessary to account for the increase in the cross-section
for reactions between identical particles

ent and o4 are the partial width for the entrance and exit channel, while is the total
resonance width

Er is the energy of the resonance in the center of mass frame

One type of resonance is thenarrow resonance , where the width of the resonance is smaller than
the energy of the excited level E,. In this case, the quantities , ; and are constant over the
narrow energy width. Using the Breit-Wigner cross-section by Eq.13, the reaction rate per particle

10
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pair in case of a narrow resonance is given by

Z,

Zl
E
E gw e kT dE =

ER
Ere T sw dE
’ (1)
This expression is obtained considering that, since the resonance is narrow in energy, the factor
Ee KT is varying very little over the resonance region and we can take its value aE = E, out
from the integral. The remaining integral of the cross-section gives
z 1

8 71

8 71
(kg T)*=

< > = -
Y (ke T)=

sw dE =2( )2 (15)
0

where we have introduced theresonance strength!

—_ 2J + 1 ent ex __ | ent ex
S CLarDEiarn &t ) = (16)

When & 10%, we speak ofbroad resonance . In this case, the Breit-Wigner cross-section has

to be modi ed to take into account that , ; and have a non-negligible energy dependence. In
this case the stellar reaction rate per particle pair is given by
P z
2 "‘2! 1 _E_ ex(Er) ent(E)
<v> = —— e T dE 17
keT= o & " € ENZe((O2) 40

A nal relevant type of resonance is the sub-threshold one. In this case we have thaQyaue > E,
but it is still possible to populate the high energy tail of the resonance because of the width of the
level associated toE,. This type of resonance can be modelled using the Breit-Wigner formula,
but it is not always easy to take it into account. Still, it can play an important role in nuclear
astrophysics, signi cantly increasing the reaction rate at relevant energies.

The above treatment is of course strictly valid when dealing with isolated resonances. If the reso-
nances peaks are overlapping, complex interactions between them may have to be included, making
the general treatment more di cult. If it is possible to neglect resonances interference, the total
reaction rate can be written as the sum of non-resonant and resonant contribution.

All resonances lying close to the interacting particles threshold can completely dominate the reaction
rate at low stellar temperatures and must be carefully included in nuclear networks calculations.

11



3 ASTROPHYSICAL MOTIVATION

3 Astrophysical motivation

3.1 The °Ne(p; )?’Na reaction

The reaction that has been studied for this master thesis is a direct capture involving?®®Ne and a
proton. It is an exothermic reaction with Qyaue = 2431:6 keV.

A simple scheme of the reaction with most important gamma cascades froitNa de-excitement is
shown in Figure 7. The thickness of the arrows in the gure re ects the so calledbranching ratio, a
percentage that indicates how many of the reactions proceed through a speci ¢ decay scheme.

Figure 7: Schematic representation of °Ne(p; )*Na direct capture. 2!Na energy levels are reported
with the corresponding spin parity. The bluish arrows indicate the most important de-excitement channels
involving photons emission in the gamma spectrum regime. Their thickness represents the relevance of the
transition.

In Figure 8 the di erent processes that contributes to the reaction rate as function of stellar temper-
ature are shown. Both resonant and non-resonant mechanisms have a role, with varying contribution
to the total reaction rate. The relevant temperature range for the reaction in a star is approximately
between 0.1 and 1 GK, as it will be explained in the next section. Within these values, the main
contributions are the direct capture to the 2425 keV excited state and the resonance aE., = 366
keV.

In the following sections, the burning cycle in which 2°Ne(p; )?*Na reaction is involved will be
presented, followed by a review of the most relevant stellar environments where the cycle is at work.

12
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Figure 8: Di erent contributions to the total 2°Ne(p; )*Na reaction rate. Figure taken from [3].

3.2 Neon-Sodium (Ne-Na) burning cycle

Hydrogen burning in stars mainly proceeds through two di erent paths, depending on the initial
mass of the star. For stars less massive than 1.® , lower temperatures favour thepp chain as the
dominant energy source, while for more massive hotter stars th€NO cycle is the primary burning
process. The net e ect of both channels is the conversion of four protons into one helium nucleus
through proton captures and decays.

During the CNO cycle heavier carbon, nitrogen and oxygen nuclei are exploited as catalysts. It can
proceed through di erent branchings depending on the achieved temperature [4]. Whe > 0:1 1
GK, as in supermassive stars, accreting neutron stars, novae or supernovae outbursts, thet-
CNO cycle (HCNO) can be activated, involving also neutron de cient neon and sodium isotopes as
catalysts.

A scheme of the CNO and hot-CNO cycle is reported in Figure 9. In the same scheme, thaeon-
sodium cycle (NeNa) is also highlighted. This is again a cycle of hydrogen burning using neon
and sodium nuclei as catalysts that proceeds in stellar environment where temperature is greater
than approximately 0.05 GK [5]. It can take place in many important astrophysical sites, such
as hydrogen-burning shells of red giants, asymptotic giant branch stars (AGB), novae and massive
stars core. Evidence for the NeNa cycle in red giants and novae had been found in the past ([6],[7]).
The NeNa cycle does not represent an important source of energy generation, but its signi cance lies
in the associated nucleosynthesis, which can also pave the way for higher mass isotopes production.
The overall cycle rate impacts on the abundances of synthesized Ne, Na and Mg isotopes, among
which 22N a is an important stellar -ray signature and?’Ne has a crucial role in neutron production
for the s-process via the??Ne( ;n )2®Mg reaction [8].

The whole NeNa cycle is initiated by the proton capture on?’Ne nucleus. This nuclide can be either
produced by a proton capture on'F or by the beta decay of?°°Na during HCNO cycle. Furthermore,

a °Ne source can originate during helium burning ¢2C(; )¥*0(; )?Ne) or carbon burning
(*?*C(*2C; )?°Ne) phases. In these two scenarios, however, we are dealing with more extreme

13



3 ASTROPHYSICAL MOTIVATION

Figure 9: Reaction network of CNO-HCNO and NeNa (red boxes, starting from 2°Ne) cycles. Solid line
boxes enclose stable nuclides, while radioactive ones are indicated by dashed lines.

conditions, where the rates are lower and do not contribute much to the overall involved isotopes
production/destruction.

In Figure 10 a collection of reaction rate for the di erent reactions with their uncertainty involved

in the cycle is shown. Their precise knowledge is fundamental to constrain the role of the cycle in
stellar nucleosynthesis sites. In Table 1 the reaction rates available in literature at a temperature T
= 0.2 GK are also listed, together with * decay half-lives of the radioactive involved isotopes.
The total cycle time is about 1:8 10° years and the slowest reaction is the’°Ne(p; )?!Na. As
previously underlined, this implies that it sets the velocity of the entire cycle and constitutes a
bottleneck for the production of the successive isotopes.

H Reaction * decay (T1-,) Na < v> [cmmol Is 1] H
ONe(p; ) Na  2INa (22.559) 457 10 5 [3]
2INa(p; )*?*Mg Mg (3.959) 199 10 2 [11]
2INe(p; )®Na  ?°Na (2.6 yr) 2:01 10 4 [9]
2Na(p; )*Mg Mg (11.3 s) 276 10 2 [11]
22N e(p; )BNa 3:68 10 2 [11]
2ZNa(p: )®Ne 1:47 10 2 [11]

Table 1: Reaction rates at a temperature T = 0.2 GK from literature and half lives of the NeNa cycle
-unstable isotopes from National Nuclear Data Center.

Until few years ago, the uncertainties connected to the NeNa cycle were governed by tféNe(p; )**Na
reaction. This reaction was however recently deeply studied at LUNA ([12], [13], [14], [15]) and
thanks to the combination of these results with other studies ([16], [9]) its reaction rate uncertainty
was signi cantly reduced. Presently the major source of uncertainty are the?°Ne(p; )?*Na and
22Ne(p; )?°Na, the rst and last cycle reactions [16]. An improvement in their cross-section de-
termination can help the understanding of several astrophysical nucleosynthesis scenarios. In this
optic, the entrance channel has been explored at LUNA during the campaign presented in this the-
sis, in order to better constrain the reaction rate and reduce the overall uncertainties in the input
to nucleosynthesis models.

14
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Figure 10: Thermonuclear reaction rates for all nuclear reactions involved in the NeNa cycle. the
2Ne(p; )**Na reaction rate has been taken from the most recent work by [3], the ?Ne(p; )**Na one
from [9], the remaining from [10].

3.3 RGB stars, Globular Clusters and AGB stars

Red Giant Branch (RGB) are stars in which hydrogen has been exhausted in the core and it is
now burning in a thin shell around it. It is a transition phase towards core helium burning via 3
reaction®, which can be onset only when the core mass, enriched in helium by the H-shell burning,
reaches a certain threshold. During this phase, as the shell burns outwards, the core contracts
because of the lack of a nuclear energy source to counteract the gravitational force. The outer layers
conversely expands until a convective envelope develops. Typical RGB star structure is schematically
reported in Figure 11.

Globular Clusters (GC) are tight spherical distribution of old gravitationally bound stars, orbiting

in the extended halos that surrounds most spiral galaxies. Their old age, estimated from their
low metallicity content, provide an evaluation of the age of the galaxy to which they belong and,
consequently, a lower limit constrain to the age of the Universe. As for GCs origin, it was generally

3This is a two step nuclear process producing carbon out of three helium nuclei: 1) “He+4He ! 8Be+ 2)
‘He+8Be! 2C+

15



3 ASTROPHYSICAL MOTIVATION

Figure 11: Schematic illustration of the structure of an RGB star.

assumed that all stars belonging to a cluster were formed during a single massive star formation
event: this implies that all members have the same age and the same initial chemical composition.
However, this assumption was undermined by observations of globular cluster red giants with high
resolution spectrometers, opening new scenarios on stellar evolution and galactic chemical evolution.
GCs actually host stars with di erent ages and very di erent composition [17]. One of the most
striking features concerns the abundance of light elements, showing for example O-Na and Mg-Al
anticorrelations in GC stars on the Red Giant Branch [18]. The O-Na anticorrelation in particular
has been deeply explored combining improved LUNA reaction rates fof?’Ne(p; )**Na and AGBs
evolution models with di erent prescription in [19]. In Figure 12 the anticorrelated behaviour of
sodium and oxygen are clearly shown. Oxygen depletion and sodium enrichment are the results

Figure 12: Anticorrelation between sodium and oxygen relative abundances for observed cluster of interme-
diate metallicity, from [20].

of the combined action of the ON (within CNO) and NeNa cycles in hydrogen burning regions at
T > 40MK . Proton capture on ?°Ne nuclei at low temperature [21], together with a reduction
factor of 2-4 in the 22Na(p; )?°Ne [22], could solve the observed abundances and explain the origin
of the anticorrelation. In general, it has to be stressed that currently stellar models cannot reproduce
exactly the situation, either because of a wrong or incomplete astrophysical theory or a lack in the
nuclear reaction database.

16
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Still, the mechanism bringing the ashes of the aforementioned hydrogen burning cycles to star
surface, regardless of the abundance they are produced with, should be somehow explained. The
main hypotheses that have been developed are a deep mixing event occurring during the RGB
phase or the existence of old polluting stars which had injected processed material in the interstellar
medium from which new stars had then formed [21].

The most promising candidate as polluters of early proto-clusters areAsymptotic Giant Branch
(AGB) stars undergoing hot bottom burning*. The AGB phase is a late stage of stellar evolution
between helium and carbon burning. AGB stars structure consists of a partially degenerate carbon-
oxygen core, an helium burning shell and a thin hydrogen burning shell separated by an intershell
region, and an extended convective envelope, as depicted in Figure 13. CNO cycle at work in

Figure 13: Schematic illustration of the structure of an AGB star. Taken from [24]

the hydrogen shell provides enough energy to sustain the star for long periods, interrupted by
the unstable activation of the inner helium burning shell (helium ash), developing the so called
thermal pulses This violent ignition leads to the onset of convection in the intershell zone and to the
temporary extinction of the hydrogen shell, pushed outwards by outer layers expansion. Moreover,
during pulses the convective envelope is able to penetrate towards the intershell, bringing the newly
synthesized materials to the surface (Third Dredge Up (TDU)).

Hot bottom burning is a nuclear burning phase involving CNO, NeNa and MgAI cycles. It can
take place in intermediate-mass AGB stars M > 4M ), where the basis of the convective envelope
reaches temperature of 60-100 MK [25]. The hydrogen burning products are then brought to the
surface through TDU events and ejected through strong stellar wind, enriching the interstellar
medium.

Stellar models trying to reproduce HBB nucleosynthesis and successive interstellar medium chemical
enrichment have many inputs to be known with high precision. The e ciency of the process has a
strong metallicity dependence and there are only few observations that can signi cantly constrain it.
An accurate knowledge of all the nuclear reactions involved in the cycles involved in HBB is therefore
required, especially for those with highest reaction rate uncertainty, such ag’Ne(p; )?*Na one.
To underline this, in the top-left of Figure 14 the correlation between nal 2Na abundance and
the 2°Ne(p; )?Na reaction rate is shown: the impact is clearly high. Also other cycle reaction

40ther possible contributors to this pollution mechanism are fast rotating very massive stars [23].
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rates e ects are depicted. These results are part of Monte Carlo post processing nucleosynthesis
calculations for thermal pulsing AGBs including a total of 176 nuclear species and 1657 nuclear
reactions [26]. For each network's reaction the rate is varied according to the distribution of its
associated error. This variation can be then expressed in terms of fractiop; of the rate standard
deviation. If the rate does not a ect the considered element nal abundance, there should be no
correlation between it and p; values (horizontal line), as in the case of the bottom right plot in
Figure 14.

Figure 14: Correlations between the nal abundance of >Na and the rate-variation factor p; for each of the
1000 samples of the reaction network. The blue lines are linear ts to the correlations. Figure taken from
[26].

3.4 ONe classical novae and Type la supernovae

During their AGB and post-AGB phase low and intermediate-mass stars M . 13M ) experience
several instabilities and strong mass loss events, ending their life as white dwarfs (WD). WDs are
bare degenerate cores supported by degeneracy pressure, slowly cooling down in absence of ongoing
nuclear reactions. The core can be either made of carbon and oxygen, in case the last fuel burning
was helium, or neon and oxygen, if the star was able to reach the carbon burning stage in its previous
evolution.

When one of such objects is in a close binary system with a main sequence (MS) companion star,
part of the H-rich material can be transferred from the MS star and accreted onto the WD surface
[27] (see Figure 15 for a pictorial representation of the process). If the accretion rate is smaller or
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equal to 10 7 10 &M , the fresh material is gradually compressed until its temperature reaches
a critical point between 0.15 and 0.4 GK [28]. A thermonuclear runaway ignition of outer layers
takes place, ejecting the WD envelope into the interstellar medium [27]. These phenomena are
known as classical novae explosiorand represent the most common explosive events in a galaxy,
giving important contribution to galactic chemical evolution. During such explosion, the WD is
not completely disrupted and can therefore accrete material again and the whole process may be
periodically repeated.

The chemical abundances of some of the elements ejected by novae can be used as thermometers for
the explosion, since their ratios presents a strong monotonic dependence on the peak temperature.
Several studies ([27], [29]) have shown that the peak temperature during the H-burning in classical
novae is lower than 400 MK. The CNO cycle proceeds slowly at such temperatures, hence the nal
abundances stay approximately unchanged during the explosion. In particular, since the proton
capture on °Ne is very slow at novae temperatures (0.1-0.4 GK on surface), most of the neon
nuclei produced in star earlier evolution phases are still present after the thermonuclear runaway.
Indeed, the ONe novae, which are the most energetic among novae, have been rstly discovered
from their ejecta® spectroscopic analysis, which showed strong Ne Il lines.

For what concerns NeNa rate impact on classical novae models, a sensitivity study [30] has analyzed
the e ects of reaction rates variation on the ejecta, nding strong consequences for elements with
mass numberA < 40. Their calculations, involving 176 nuclear species and 1657 nuclear reactions,
has shown that ONe nova models that achieve very high peak temperatures require reduced NeNa
rate uncertainties to provide accurate?°N e abundances, which is the dominant neon isotope released
by the explosion.

An alternative event that can take place in the binary system is aType la supernovaexplosion. In
case of high accretion rate and large WD masses, the accreting star can overcome the Chandrasekhar
mass ( 1:44M ) and ignites explosive thermonuclear reactions throughout the whole star, leading
to its total disruption [31]. This explosion is characterized by a light curve powered by the decay
of produced radioactive *°*Ni, which presents a peculiar xed magnitude at their maximum. This
fact makes SNe optimal standard candles for measuring cosmological distances and probing the
geometry of our Universe [31]. Nonetheless, theoretical models which aim at reproducing the full
nucleosynthetic output of a SN la must include a complex nuclear reaction network with thousands
of reactions, requiring as low as possible reaction rate uncertainties [32].

4 State of the art

As previously underlined, the knowledge of°Ne(p; )?*Na reaction details is crucial to give a com-
prehensive account of the outcome of NeNa cycle. In the literature, however, only few measurements
have been performed, using both direct and indirect approaches. The most relevant experimental
studies and their results will be brie y reviewed in the following.

Tanner et al. 1959 [33]
The non-resonant component of the?®Ne(p; )?!Na reaction was studied at an energy in the center
of mass ofE., =600 keV and 1050 keV. A solid neon target, produced bombarding water-cooled

5We speak of yields when we indicate the amount of material newly synthesized in the star, while the term ejecta
represents the material ejected in the interstellar medium from the star, also including pre-existing amounts.
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Figure 15: Pictorial representation of a white dwarf accreting material from a main sequence companion
star.

thin aluminium backing with 50 keV neon ions, was hit by a proton beam. Experimental yields
were then measured from delayed positrons emission frodtNa decay (half life =23 s). To allow
the measurement of activity decay curve, the target was mounted o -axis in a vacuum sealed
shaft, which could be rotated to move the target out of the proton beam and close to the counter.
This was a plastic scintillator mounted in close geometry, with a size comparable to the maximum
energy of the?Na positrons. The results for cross-section and S-factor are reported in Table 2. For
Ecm= 600 keV only an upper limit could be estimated. The extrapolated S-factor at zero energy
Sp has a value of 66 keV barn with an uncertainty factor of three. The authors also underlined that
at thermal energies the contribution to Sy from the tail of the 2425 keV resonant state should be
considered. Adopting values from Marion and Fowler (1957) [5], they gave a nal value ofSy= 80
keV barn

H Ecm (keV) (ubarn)  S-factor (keV barn) H

600 < 0:14 < 25
1050 13 02 17 3

Table 2: Cross-sections and S-factor for®®Ne(p; )**Na by [33].

Van der Leun et al., 1964 [34]

Three resonances at,°=1169, 1955, 2138 keV were found and studied using a thin target made
of 2°Ne adsorbed on tantalum and the proton beam from the 3.2 MV Van Der Graa accelerator

of the Utrecht University. Gamma spectrum from the reaction was obtained using 10cm x 10cm
Nal crystals enclosed in 10 cm thick lead shielding. The detector was located at 1 cm from the
target and at 55° with respect to the proton beam. The spectra could be acquired either as single
or in coincidence mode. Resonance yields curves, indicating the reaction yields slightly varying the
energy around the resonance one, were explored in the range 2.2-2.6 MeV with 2-6 keV energy steps.
Only transitions from the resonant levels to the ground and rst excited state were considered in
the analysis, determining the corresponding intensities.

6Ep refers to beam energies in the laboratory rest frame. The conversion from lab to center of mass frame is

H — M target
erformed accordingto Ecm = Ep —— 9L |
P 9 cm P m target + M projectile
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The widths and strengths of the resonances are reported in Table 3

[E, keV) (keV) @) |
1169 2 35 113 007
1955 4 53 1.0 4.0
2138 5 21 3 1.6

Table 3: Resonance widths and strengths for2°Ne(p; )**Na obtained by [34]. The resonance strengths are
normalized to the resonance strength of 1:13 0:07 eV for the 1169 keV resonance reported in Thomas and
Tanner (1960) [35].

Rolfs et al., 1975 [36]

The °Ne(p; )?*Na reaction was widely studied in the energy range betweerE,=0.37 and 2.10
MeV. Using the California State University's Van Der Graa accelerator a proton beam was delivered
on an extended natural neon windowless gas target. The gas was puri ed using a L\\trap. Beam
currents were not measured, but in order to monitor beam intensity, target density and contaminants
level, a collimated silicon detector was placed at 135to detect protons elastically scattered. Photons
emitted by the reaction were collected by two Ge(Li) detectors placed at 0 and 90° with respect to
the beam direction.

The analysis led to the determination of excitation energies and branching ratios foP*Na states,
as well as a re-measurement of th@4e Of the reaction (Quae =2432:3 0:5 keV). In particular,
a new resonance aE., =384 5 keV (corresponding to an excited state atEy = 2797:6 keV) was
found. Values for the cross-sections of di erent direct capture transitions were also evaluated. A
summary of these results is given in Table 4 and 5.

H Transition (MeV) (nbarn) H
DC O < 0:012
DCI  0:33 032 0:.05
DCl 171 < 0:007
DC!l 243 063 0:.07
DC' 280 < 0:012
DC' 283 < 0:006

Table 4: Direct capture (DC) transitions and cross-sections for °Ne(p; )?**Na by [36] at E,=1050 keV.

H Excitation energies (keV) H

3320 1.0
17163 1.3
24252 04
27976 14
28294 14
35448 06

4175 15

4295 2

Table 5: 2’ Na excitation energies in keV found by [36].

The authors gave an estimate 0fSy=3500 keV barn, based on their experimental results. They
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have also calculated theSy using the formula found by Marion and Fowler (1957) [5]Sp = 1:3(E

E,) 2 10 eV barn, whereE E, given in eV is the binding energy of the considered state. They
have found that the 2425 keV state is involved in the dominant gamma decay channel, and using
their experimental value (E E;) =7:1 0:6 keV, their estimate for S; became 2600 keV barn.
They concluded that their high S-factor value showed very fast?®*Ne burning into ?*Na, which
subsequently undergoes * decay into 2!Ne.

Keinonen et al., 1977 [37]

This study performed at Helsinki University was focused on the?%:?1:22Ne(p; )?1?223Na reactions
in the energy rangeE, = 0:5 2:0 MeV. Neon ions with energies between 5 and 50 keV were
implanted into 1 mm thick carbon backings. Then, an alpha beam was sent on the target to analyse
its composition and possible contaminants from the spectrum of the back-scattered particles,
nding a Ne/C atoms ratio of 0.1. Proton beam from 2.5 MV Van Der Graa accelerator was then
delivered on the solid targets, producing gamma photons detected with a Ge(Li) detector placed at
55° with respect to the beam line.

Many resonance strengths were measured. FGPNe(p; )?*Na reaction, E, = 1169 keV resonance
measurement gave a value of =1:6 0:3 eV. Consequently, a value 0fSy=2500 keV barn was
evaluated, in good agreement with the value presented by Marion and Fowler (1957) [5]. Fast
hydrogen burning of 2°°Ne was con rmed, mainly due to the high cross section of the sub-threshold
resonance atk, 7:1 keV.

Mukhamedzhanov et al., 2006  [38]

The authors provided an indirect measurement of?°Ne(p; )?!Na reaction rate focusing on the
capture to the ground state through the tail of the 2425 keV sub-threshold resonance state. The
normalization to the direct capture of this state and its partial width were calculated using the
asymptotic normalization coe cient (ANC) formalism 7. The experiment was performed at Nuclear
Physics Institute of the Czech Academy of Sciences, delivering 25.83 Me¥He beam from the U-
120M isochronous cyclotron on a high- purity isotopic??Ne (99.99%) gas target. Reaction products
were measured by a pair of collimated E-E telescopes consisting of 220-m Si surface barrier
detectors and 4-mm-thick Si(Li) detectors. The value for Sy given in this work took into account
both the direct capture and resonant contribution involving the sub-threshold state indicated above
and amounts to 5900 1200 keV barn. This is higher thanS, from Rolfs et al. (1975) [36]: according
to the authors this is due to their more accurate extrapolation of the S-factor down to zero energy.

Lyons et al., 2018 [3]

The direct cross-section of?°Ne(p; )?Na reaction was measured in a wide proton energy range
between 500 keV and 2000 keV. The measurements were performed using the 5U-4 accelerator at the
Nuclear Science Laboratory at the University of Notre Dame and a di erentially pumped gas target

of isotopically enriched °Ne gas. Transitions to the ground state and to the 331.5 and 2425 keV
excited states were observed using an HPGe detector with 100% relative e ciend; placed at 9C,
with respect to the beam line. This work determined the contribution of the sub-threshold resonance

"Details on the technique can be found in [39].
8HPGe detector e ciency is usually expressed as the e ciency relative to the one of a 7.6 cm x 7.6 cm (diameter
x height) Nal(Tl) crystal, based on the 1.33 MeV peak of a  59Co source positioned at 25 cm from the detector.
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and of the direct capture to the total cross-sections performing an R-matrix t of experimental data.
Results for the S-factor are reported in the summarizing Figure 16,17,18. Finally, an improved total
reaction rate was given, showing an overall reduction of 20% with respect to the previous reaction
rate libraries from lliadis et al. (2010) [10].

A.L. Cooper, PhD thesis, 2019 [40]

This work was focused on the measurement of th&, = 384 keV resonance and on the direct capture
at Ep=330 keV. The reaction was reproduced at Laboratory for Experimental Nuclear Astrophysics
(LENA) making a proton beam (E, = 380 404 keV for the resonant component ) from the JN
accelerator impinge on a target of neon implanted on tantalum backings. The yield from the 373
keV peak (arising from the subsequent decay of the 2798 keV state populated by the resonance to
the 2425 keV state) was obtained at each proton energy through the Coincidence Spectrometer
of LENA. This apparatus consists of three detector clusters: an HPGe crystal closely positioned at
0z behind the target, a segmented array of 16 thallium-doped sodium iodide (Nal(Tl)) scintillating
detectors and ve plastic scintillator panels that encase the other two clusters on the sides and on
the top. The 384 keV resonance strength was estimated for several targets, giving a nal weighted
average value of = (7:22 0:68) 10 ® eV. This value disagrees with the one previously presented
by Rolfs et al. (1975) [36]. Another disagreement is found in the branching ratios, especially in the
weakest branch involving the 331.5 keV state, as shown in Table 6.

H Transition (keV) Branching ratio % (Rolfs et al. (1975)) Branching ratio % (Cooper (2019)) H

27973 24259 564 4 615 7:3
27973 3315 11 16 11
27978 0 33 4 359 5:3
[ ! [10 *eV] L1 02 0722 0:068 |

Table 6: Comparison between branching ratios for the E, = 384 keV resonance (upper part) and resonance
strengths (lower part), from [36] and [40].

For what concerns the direct capture component, due to background contamination it was not
possible to clearly distinguish it from the resonant capture to the 2425 keV sub-threshold state.
Therefore, only an upper limit on DC contribution to the total cross-section was given. In conclusion,
an average S-factor ofSy (E3 ) = (2:84 0:37) keV barn at 334 keV proton energy was found.

J. Karpesky, PhD thesis, 2020  [41]

The reaction was studied at the DRAGON facility (TRIUMF) using an inverse kinematics ap-
proach. The center of mass energy range 265.5 - 519.6 keV was explored using isotopically pure
2ONe ion beam on an hydrogen windowless gas target. Produced photons were detected with a
BGO scintillator array consisting of 30 closely packed scintillation detectors, reaching an angular
coverage of approximately 90%. At four beam energies, cross-sections and S-factor for the transi-
tions R=DC9 0keV,R=DC 3315 keV and R=DC! 2425 keV were obtained. The evaluated
total S-factor is reported in Table 7.

Of note, the results for the total S-factor within this work are consistently lower than results pre-
sented in prior experiments performed by Rolfs et al. (1975) [36] and Lyons et al. (2018) [3].

9This notation indicates both resonant and direct capture components, which were not distinguishable.
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H Ecm (keV) S-factor (keV barn) H

265.5
319.0
441.9
519.6

219
135
134
127

4:7
35
1.6
14

Table 7: Total S-factor measurements for 22Ne(p; )?*Na reaction at the four beam energies explored at

DRAGON by [41].

Moreover, experimental data seems to suggest a higher than originally expected contribution of the
direct capture directly to the ground state at lower energies, disagreeing with the at behaviour

found by [36], but compatible with the suggested R-matrix trend by [3].

As previously pointed out, the 2°Ne(p; )?*Na reaction sets the timescale of the NeNa cycle. Precise
data on reaction cross-sections and deep knowledge 6fNa energy levels are therefore needed to
determine an accurate total reaction rate and detailed nal abundances of isotopes synthesized in

the cycle.

Current adopted level scheme foP!Na has already been shown in Figure 7, while S-factor values for
the direct capture to the 0, 331.5, 2425 keV states from [36], [3] and [41] are reported in Figure 16, 17
and 18. The reaction rates available in literature over a quite wide temperature range are reported
in Figure 19. In particular, the new experimental data given by Lyons et al. (2018) [3] produce a
lower rate at low temperatures below 1 GK and an overall reduction of the rate uncertainty.

Figure 16: DC! 0 keV state S-factor for °Ne(p; )*Na reaction from [36], [3] and [41]. Figure from [42].

5 The LUNA experiment

The main goal of experimental nuclear astrophysics is to measure cross-sections of nuclear reactions
relevant for astrophysics. At stellar temperatures, these cross-sections are extremely low, down to
femtobarn, thus creating the necessity to increase as much as possible ttsignal to noise ratio,
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Figure 17: DC! 3315 keV state S-factor for ®*Ne(p; )?*Na reaction from [36], [3] and [41]. Figure from
[42].

Figure 18: DC! 2425 keV state S-factor for °Ne(p; )?*Na reaction from [36], [3] and [41]. Figure from
[42].

especially when dealing with radiative captures.

In a typical nuclear astrophysics experiment, a beam of projectile nuclei is accelerated towards the
target nuclei, which can be either in a solid or gaseous state, either pure or in some compounds.

It follows that the achievable signal is limited by the accelerator capability’® and by the need to

not destroy or deteriorate too much the target with too high beam currents. Another things that

has to be considered when trying to achieve a good signal is that all layers with which the beam
interacts are a source of beam energy loss and as the energy decreases also the cross-section steeply
decreases.

One of the possible successful approach is therefore to reduce as much as possible the background in

10The higher is the beam intensity that the accelerator can produce, the higher will be the number of projectiles
in the beam and the more reactions will be produced by projectile-target interaction.
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Figure 19: Total ?°Ne(p; )?*Na reaction rate Nao < v > versus temperature given in lliadis et al. (2010)
[43] and Lyons et al. (2018) [3] compared to that of NACRE [44], including respective error bands as shadow
areas. Values are normalized to NACRE data.

the spectra. In this context, LUNA (Laboratory for Underground Nuclear Astrophysics) has been
developed in 1991 with the aim of suppressing considerably cosmic rays-originated background by
performing experiments in deep underground (see Section 5.4 for further details).

LUNA is located at Gran Sasso National Laboratories (Italy) (LNGS), which are naturally shielded
against cosmic radiation by 1400 meters of mountain rocks (3800 meters of water equivaleft).
Over the last decades, LUNA has provided valuable contribution to our present understanding of
primordial and stellar nucleosynthesis during hydrogen and helium burning [45]. The experiment
started in 1993 with a homemade 50 kV accelerator, installed at the underground facilities of
LNGS and operating until 2003. The LUNA-50 kV accelerator has been used primarily to study
H-burning reactions relevant for our Sun, producing important results [46]. Since 2001, LUNA-400
kV accelerator has been operating to study Big Bang nucleosynthesis and CNO, NeNa and MgAl
cycles [47]. Next year (2023) a new machine will nish being installed at LNGS. Its terminal voltage
up to 3.5 MV will allow to study more advanced stages of nuclear burning, in particular C-burning
[45].

5.1 400 kV Accelerator

LUNA 400 kV accelerator is a commercial single-ended electrostatic accelerator [47], built by High
Voltage Engineering Europe (HVEE) (Netherlands).

The machine is enclosed in a tank lled with an insulating gas mixture composed oN, (75%), and
CO; (25%) at 20 bar. The high-voltage is generated by an Inline-Cockroft-Walton power supply
and stabilized by an RC lter located at the power supply module and by an active feedback loop
based on a chain of resistors.

A radio-frequency ion source (see Figure 20) is mounted in the accelerator tube and provides stable
proton or beams with intensities on the target respectively up to 500A and 250 A . Long-term
stability, high intensity and contained beam spread are crucial parameters for measuring low and

11 This indicates the amount of water that produces the same ux attenuation and it is useful for comparison with
other underground laboratories.
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highly energy-dependent astrophysical cross-sections. LUNA 400 kV accelerator is able to provide
all of them. The beam has a long term stability of 5 eV/h and its energy spread has been measured
to be about 100 eV [47].

(@) (b)

Figure 20: (a) Open tank of the LUNA 400 kV accelerator. The metallic rings keeping the ion source area
free from electric elds are visible. (b) Radio frequency ion source. The hydrogen plasma is recognizable by
the glowing pink light.

The ion beam can be delivered to a solid target or to a windowless gas target using a vertical steering
magnet and respectively a 0 or 45° analyzing magnet. The beam can be properly focused onto the
gas target line by minimizing the current on three water cooled collimators of decreasing diameter.
The accelerator can work in optimal condition at energies between 50 and 400 kV. The focusing at
lower energies in the range, where the intensities are also lower, can be improved using a manual
shorting rod to short-circuit some of the accelerator column ring, reducing the number of active
elements. A pumping system keeps the vacuum inside the accelerator tube at about 16 mbar (see
section 5.2).

In Figure 21 a top view from LUNA experimental hall of the accelerator and of the two beamlines
are shown. All the accelerator parameters can be set and monitored through the HVEE software
from LUNA control room. The actual beam energy is a function of the accelerator terminal voltage
(TV) and the ion source probe voltage (PV). The energy calibration of the machine over a wide
energy range has been done working on solid target line using the well-known radiative capture reac-
tion 2C(p; )**N and resonances irf®Na(p; )?*Mg, 2®Mg(p; )?°Al and?®Mg(p; )?’Al reactions,
particularly useful to get energy spread and beam stability over long run time [48]. To check the
calibration validity also on the gas line, known resonances irf°Ne(p; )?*Na and *!Ne(p; )?*Na
have also been analyzed.

The energy calibration function obtained is given by:

E = (0:9933 o:ooozf%v (TV+ PV) (0:41 0:05)keV (18)

Proton beam energy is found to be calibrated with 0.3 keV accuracy, allowing precise determination
of the energy in the center of mass of the nuclei interacting during each experiment.

5.2 Windowless gas target

The choice of a gas target during a nuclear astrophysics experiment has a number of advantages.
First of all, since measurements are very long in order to improve counting statistics, the target need
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Figure 21: Wide angle view of the LUNA experimental hall. The solid and gas target beam lines are
indicated.

to be stable under intense beam bombardment. Gases are good candidates in this sense, because
their deterioration can be contained continuously injecting new gas in the chamber. Moreover, gases
can achieve high degree of isotopic purity, limiting the amount of contaminants which can produce
unwanted background during measurements. Finally, using a windowless gas target, without any
entrance foil separating the beam from the gas chamber, has the great advantage of limiting beam
energy loss and energy straggling. These e ects arise from the particle-particle interactions as
projectiles proceed along the beam line. Each interaction transfers a little amount of energy from the
beam to the target nuclei, but having many particles in the beam enhances the e ect (energy loss).

In addition, since the nature of the interaction is stochastic, the amount of transferred energy varies
from particle to particle, introducing a variation of the shape of the projectile energy distribution
(energy straggling). Further information on this e ects related to the reaction of interest in this
study will be given in the followings.

Of course, using gaseous targets also add some complication, because measuring nuclear cross-
sections with them requires a precise knowledge of the gas density and detection e ciency along
the whole beam path.

A scheme of LUNA windowless gas target is reported in Figure 22

The system consists of three di erential pumping stages, the interaction chamber (see Figure 23),
a gas distribution line and a gas recycling system.

The beam from the accelerator is collimated through three water-cooled apertures of decreasing
diameters (AP3, AP2, AP1). Each of these apertures is provided with an ammeter in order to check
the current loss during the beam focusing. They also work as increased impedance for the gas ow
from the target chamber back to the accelerator.

The target chamber is lled of gas through an inlet copper tube located at the end of the chamber
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Figure 22: Sketch of the gas target components, including di erential pumping system. The red arrow
represents the beam line from the accelerator.

ange when the VT valve is open. The gas can come from a bottle located outside (VHe4 valve open)

or inside (VHe3 valve open) the experimental room. The second line is used for more expensive
gases, such as the enriched ones, since the line itself is shorter and possible losses are therefore
reduced. The injection of gas is actually split in two branches: one with a needle valve providing

a constant in ux, the other equipped with a feedback-controlled valve (model MKS 248A) that
adjusts the gas ow to keep a constant pressure inside the target.

The gas owing out from the chamber through the AP1 collimator is continuously pumped thanks
to the three pumping stages, preserving vacuum inside the accelerator tube. The rst pumping
stage, closer to the chamber, is equipped with a RUVAC WS 2001 (pumping capacity 205M°3=h)
pump-backed by a RUVAC WS 501 (505m3=h) pump. Here, 99.5% of the gas is pumped out,
achieving pressures of about 610 3 mbar'?. The remaining gas then reaches the second stage
by crossing the longer AP2 collimator, where three TMP1000C (3600m3=h) turbopumps (TP2L,
TP2M, TP2R) work to achieve 10 ® mbar pressure. In the last stage, the residual gas is pumped
out by a TURBOVAC 361 (1250 m3=h) turbopump, achieving 10 ’ mbar pressure.

The gas from the rst two pumping stages can either be ushed out and wasted or collected and
puri ed to be re-used. This second approach is crucial when dealing with expensive enriched or rare
gases: an ACP28 pump collects the discards and send them to a Monotorr PS4-MT3-R-2 puri er
with a chemical getter, designed to remove hydrocarbons, oxygen and nitrogen from noble gases.
The cleaned gas is then stored in a bu er volume until being re-injected in the system, adjusting
properly the valves.

The gas target is controlled by LabVIEW software and an NI FieldPoint based system. They allow
to operate the gas from remote and monitor the status of the pumps and valves. Moreover, the

12 Reference values for a neon target gas pressure of 2 mbar.
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