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1. Introduction

The oxygen-sodium anticorrelation in globular clusters [1] requires, in order to be understood,
a precise knowledge of the sodium production and destruction rates. One common explanation
is that the stars showing this anticorrelation were formed in an environment that was polluted by
previous generation AGB stars. Indeed the AGB stars may reach, at the base of their convective
H-rich envelope, temperatures high enough to let the Hot Bottom Burning occur and change the
surface abundances thanks to convection.

It has been found, for metal-poor and very metal-poor AGB stars, that models would bet-
ter match the observations if >’Ne(p, 7)>*Na reaction rate was higher than the literature one [2].
Another possible explanation has been proposed in [3], suggesting a core hydrogen burning and
rotation-driven winds.
In both cases 2*Na is produced via the >Ne(p, y)**Na reaction, which is part of the neon-sodium
cycle of hydrogen burning. The 2’Ne(p, y)>*Na reaction cross section is required in order to calcu-
late the reaction rate. A new experimental effort was asked [6] in order to reduce the uncertainties

. —
— 100 - .
- L J
(%]
b
E [
™ 105 ]
E L
S
4 20 21 ]
r Ne(p,y)*Na C— 1
S R
v 1070 - 2INe(p,y)??Na — ]
= 22Na(p,y)B3Mg 1 ]
22Ne(p,y)?3Na === |
I 2Na(p,a)2°Ne —— |
1015 | I 23Na(p,V)24Mg  —

0.1 1
Temperature [GK]

Figure 1: TNRR of the different reactions involved in the NeNa cycle. ?’Na(p,¥)>*Mg reaction
rate is from [4]. 2’Ne(p, ¥)**Na reaction rate is from [5].

on the cross section, thus reducing the uncertainty on the reaction rate and the predicted 2>Na
abundance.

Many resonances contribute to the 2?Ne(p,7)>*Na cross section. The resonances above 400
keV, which affect the thermonuclear reaction rate for temperatures 7' > 0.5 GK, have already been
studied [7, 8, 11, 12]. Below 400 keV only a few resonance strengths have been directly measured
so far, yet many upper limits have been put [13, 5, 8]. Some indirect measurements have been
carried out [23, 14, 24], but they rely on spin-parity assignments or spectroscopic factor normaliza-
tions which were uncertain. Consequently, the very existence of the resonances at E)** =71, 105
and 215 keV is considered as tentative [23, 14, 13].

The way experimental upper limits and indirect data have been considered in the literature led
to different reaction rate evaluations. The reaction rate has been calculated in 1999 by the NACRE
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collaboration [25] from the resonance measurements [8, 9] and the direct capture component [9].
Later on, a similar evaluation has been performed in 2001 [14], updated in 2010 [10, 11] and
again in 2013 [4] by the STARLIB group, completely disregarding the uncertain resonances. As a
result, the NACRE and the STARLIB compilations differ up to a factor of 1000. LUNA recently
investigated the low-energy resonances in the 2’Ne(p, ¥)>*Na reaction and gave a new estimation
of the reaction rate. Shortly after, a new measurement by LENA [15] was carried on, as well as a
new evaluation of the reaction rate.

1.1 LUNA

LUNA (Laboratory for Underground Nuclear Astrophysics) is located in the Gran Sasso Na-
tional Laboratory (LNGS), Italy. To date, LUNA operates the world’s only deep underground
accelerator in running conditions. The accelerator consists of a 400 kV electrostatic accelera-
tor providing high currents with very small energy spread and good long-term stability [16, 17].
LUNA benefits from a 1400 m thick rock overburden (=~ 3800 m.w.e.), which reduces the cosmic
rays induced background by a factor of 10® and 103 for what concerns the muon component and
the neutron component respectively [26, 27] leading to extremely low cosmic background.

LUNA recently studied the 2’Ne(p, y)**Na reaction using two different setups. During the
first phase of the experiment, two high-purity germanium (HPGe) detectors were used [13, 5]. This
phase was devoted to the measurement of the resonances above 150 keV (in the laboratory system).
In a second phase of the experiment, an optically segmented Bismuth Germanate (BGO) detector
with large solid angle coverage [18] was used to investigate on the resonances at 71 and 105 keV
and to measure the non-resonant component of the cross section. A description of the experiment
will be briefly presented.

2. Experimental setup

A windowless extended gas target was used in this experiment. Three pumping stages realize
a strong pressure gradient between the interaction chamber and the beamline (figure 2).

A replica of the interaction chamber was provided with side flanges and tubes to measure
pressure and temperature of the target gas and determine its density all along the beam path. Ca-
pacitance pressure gauges were used to measure the pressure in different positions all along the
target chamber. A feedback system always measured the nominal reference pressure in the middle
of the interaction chamber and acted on the gas inlet to keep the pressure stable. The pressure pro-
file was measured for different nominal pressures. >’Ne pressure profiles were measured in steps
of 0.5 mbar from 0.5 mbar up to 4 mbar. Temperature profiles were measured inside the target
chamber using four Pt100 RTDs reaching the beam path.

Using measured pressure and temperature data, the gas density was calculated using the ideal

gas law
g _ kBPT @2.1)
where the term on the left is the gas density and kg is the Boltzmann constant.
The gas target does not allow for an electrical measurement of the beam current, thus a power

compensation calorimeter is used for a real time measurement [28]. The beam stop can be heated
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Figure 2: Differential pumping system schematic. The beam comes from the accelerator on the
left, passes through the apertures AP3, AP2 and API, enters the target chamber and stops on the
calorimeter.

up either by resistors or the beam, thus the more power is provided by the beam, the less is provided
by resistors. If Wy is the power delivered by resistors while the beam is off and W,,, is the power
delivered when the beam is on, the calorimetric beam power is W4, = Wy — W,,,,. The current is
given by

Wcal .

2.2)

where E, is the beam energy as it comes out of the accelerator and AE,,"*" i

is the energy the beam
loses passing through the target gas. Since the energy loss depends on the beam current itself,
a beam-heating correction has to be applied [19], depending on the gas pressure and the beam
current. The beam-heating correction in neon was studied in [20] using a collimated sodium iodide
(Nal) detector and the resonance scan technique. To reduce the systematic uncertainty associated
to the beam current measurement, a calibration was performed against the electrical measurement

in vacuum.

2.1 HPGe setup

The HPGe detectors, of 90% and 135% relative efficiency, were collimated at 90° and 55°
with respect to the beam direction. A 22-30 cm thick copper and lead shield was built around
the detectors to prevent the background caused by environmental radioactive isotopes. The whole
shielding was enclosed in a box and flushed with nitrogen.

Two independent acquisition chains were used, one of which provided list-mode data. The
efficiency was measured along the beam direction by means of radioactive point-like sources ('Be,
137Cs, ©0Co and 88Y) and the well known *N(p,7)'30 resonance at E " =278 keV, populated in
different positions inside the chamber. Due to the close geometry, the summing-out correction was
determined thanks to a GEANT simulation.
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Figure 3: Drawings of the experimental setups used in the study of the >’2Ne(p, y)>*Na reaction at
LUNA.

2.2 BGO setup

The BGO detector is composed by six scintillating crystals arranged in a hexagonal configu-
ration to surround the interaction volume. The crystals, 28 cm long and 7 cm thick at the thinnest
point, are housed inside a steel casing provided with a 6 cm borehole. Signals coming from the six
anodes are independently amplified and digitized. Data from each channel were initially saved in
binary files and then collected into ROOT files for each run. For each acquired event the timestamp
were the energy are saved.

Once the linearity of the calibrations was verified using '*N(p, 7)'>O peaks, each spectrum
was calibrated by an automated routine, using three of the low energy peaks originating from nat-
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ural background: 1460 keV peak from 4°K, 2204 keV peak from 2'4Bi and 2614 keV peak from
208T]. Since all events are stored with their timestamp and energy, it is possible to recover coinci-
dence information and perform coincidence analysis. Events acquired in a 3.5 ps wide window are
grouped together and the sum of their energies is recorded in the addback spectrum.

"Be, 137Cs, 99Co and ®Y radioactive point-like sources were used to measure the detector
efficiency at different energies in several positions along the beam axis inside the interaction cham-
ber. Because of the particular geometry and the high detection efficiency of the BGO detector,
a new simulation was developed to determine the efficiency. The simulation was tuned to match
sources data as well as the spectrum originating from the '*N(p, 7)!30 resonance at E =278 keV.
Good agreement was obtained between simulations and data both for single segments and addback
spectra.

3. Measurements

3.1 HPGe phase

The high resolution of the HPGe detectors allows to clearly distinguish the peaks originating
from the 2*Ne(p,7)?>*Na reaction. For each resonance a scan was performed, changing the beam
energy in steps of 1-2 keV and monitoring the yield of the Ey = 440 keV peak, which is related to
the transition from the first excited state to the ground state and is expected to be largely populated
in 2’ Na decay. Then, a long measurement on top of the yield curve was performed for the observed
resonances.

Thanks to the underground location, spectra were extremely clean above 2.6 MeV. The lead
shielding provided an effective reduction of the natural background below 2.6 MeV as well, and the
high resolution allows for a rather simple identification of the peaks and background subtraction. A
portion of the spectrum of the Er = 259.7 keV resonance is shown in figure 4. The background was
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Figure 4: Portion of the spectrum of the Ex = 259.7 keV resonance as seen by the detector at 55°.

subtracted considering the interpolation from regions on both sides of the peaks. Branching ratios
were determined using the detector at 55°, taking into account the detection efficiency correspond-
ing to each peak. Updated resonance energies were determined as well, taking into account the
uncertainty on the energy loss in the target gas and the systematic uncertainty on the beam energy.
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The resonance strengths were calculated, assuming an infinitely thick target and a negligible
resonance width, through the following relation:

. Ymax my
= ng
)LR/Z ny; +mp

Yy (3.1)

where €g and Ag are the stopping power and the De Broglie wavelength at the resonance energy
and m, and m; are the masses of the projectile and the target. The maximum yield was obtained
considering all of the observed primary transitions and their detection probability:

1 N;
Yoax = — 3.2
0 Z( > G2

=\

where N; is the number of detected events measured for the primary transition i and 7); is the
associated detection efficiency.

A detailed description of the measurements is given in [5]. The results on the investigated
resonances are shown in table 1.

3.2 BGO phase

The BGO detector, thanks to its high efficiency and the large solid angle coverage, is able to
effectively detect the multiple y-rays originating from the decay of the excited state of the final
nucleus, causing a peak at Q + E" to arise in the addback spectrum.

Background subtraction was more complicated in the analysis of the BGO phase data. Below
3 MeV natural background dominates the spectra. Several y-rays originate from 2'#Bi, 2Tl and
40K [21], increasing the counts at low energy.

Above 3 MeV cosmic rays induced background usually plays a critical role in surface labora-
tories, where the reaction signal is often overwhelmed by the background. In this region the beam
induced background (BIB) represents the biggest impediment to the measurement, especially using
a high-efficiency setup with low energy resolution. Nuclear reactions involving light contaminants
produce high energy gamma rays, leading to a background which depends on the contaminants in
the setup, their position and the beam energy [22]. To take the BIB into account and subtract it
from the reaction spectra, blank spectra with an Ar target were acquired.

Equation 3.1 was used to calculate the resonance strength, using

Nsum

Yonax = 3.3)
Qnsum

where Nj,, is the number of events in the peak at Q + E[C,m and Ny, is the detection efficiency
for the selected region of interest. 7, depends on the decay scheme of the final nucleus and is
evaluated by the simulation using the branching ratios measured during the HPGe phase.

After the measurements on the resonances at 156.2, 189.5 and 259.7 keV, the BGO detector
was devoted to the investigation on the tentative resonances at 71 and 105 keV. The non-resonant
component of the cross section was measured as well at four different energies. The analysis of the
BGO data is still ongoing.
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Figure 5: Addback spectra for the resonance at Egx = 259.7 keV. The red spectrum was acquired
with a 2*Ne target, while the black spectrum was acquired with an Ar target. The black spectrum
is scaled to match the counts of the red spectrum in the region of interest between 11.0 MeV and
19.5 MeV. The region of interest for the >*Ne(p, ¥)>*Na is marked by two blue lines

4. Discussion

The strengths of the newly observed resonances were used as input for the calculation of the
22Ne(p,y)**Na thermonuclear reaction rate. The input of the calculation is summarized in the last
column of table 1.

To calculate the thermonuclear reaction rate a Monte Carlo sampling technique was used,
assuming a Gaussian distribution for the resonance energy and a log-normal distribution for the
resonance strength. Moreover, the probability density function of the tentative resonances at 71,
105 and 215 keV was built from the experimental data, extracting the number of counts in the region
of interest from the Poisson distributions associated to the signal and the background respectively.

Figure 6 shows the results on the thermonuclear reaction rate. Low, median and high estima-
tions of the rate were calculated at each temperature using 0.16, 0.50 and 0.84 quantiles for the
probability density function of the total rate. In the calculation of the low rate, the strength of the
resonances at 71, 105 and 215 keV was set to zero, while 1/10 of the upper limit value was used to
obtain the median rate and the full upper limit value was used to obtain the high rate. The fractional
contribution of the resonances which play a significant role in the total rate is reported in colors
in figure 6. A more complete discussion of the astrophysical implications can be found in [5] and

[29].



Newly Discovered Low Energy Resonances In The 22Ne(p, }/)23Na At LUNA Federico Ferraro

Er oy [eV]
[keV] LUNA HPGe [13, 5] Adopted

29 <2.6x1075[11]
37 (3.14+1.2) x 10715 [11]
71 <1.5%x107° <1.5x%x107°

105 <7.6x107° <7.6x%x107°

1562 (1.4840.09,4 £ 0.0455) x 1077 (1.48 +0.094 & 0.04 5 ) x 1077
189.5  (1.8740.0354 +0.0555) x 1076 (1.87 £0.0354 £ 0.055y5) x 107°

215 <2.8x1078 <2.8x10°8
259.7  (6.89+£0.0754 £0.155) x 1070 (6.8940.07,4 £0.1555) x 1076
291 2.2x107°[8]
323 2.2x107°[8]
334 3.0x107°[8]
369 6.0 x 1074 [14]
394 6.0 x 1074 [14]
436 0.079+0.006 [12]
479 0.594 +0.038 [12]
638.5 2.45+0.18 [12]
661 0.032+£0.017 [12]

Table 1: Resonance strengths obtained after the HPGe phase and used in the calculation of the
thermonuclear reaction rate. Upper limits by LUNA are given at 90% confidence level. For Eg >
661 keV the strengths in [11] were adopted.
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Figure 6: Thermonuclear reaction rate normalized to STARLIB 2013. A description of the figure

is given in the text.
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