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Abstract: The 22Ne(a,n)?Mg reaction is of major importance in nuclear astrophysics. It is the main
neutron source for the weak s-process and as such is responsible for the nucleosynthesis of 60 < A <
90 elements. In addition, it provides a strong neutron burst during the later, hottest phases of the
main s-process, which modifies the final nucleosynthesis products, especially at so-called branch
points, which can be used to provide insight into the stellar interior at that time. The reaction rate
needs to be known below ca. 900 keV, and due to the low cross-section at these energies, a direct
measurement has so far proven to be severely hampered by external neutron background at the
surface of the Earth. To solve this problem, a measurement campaign (the ERC-funded SHADES
project) was recently started at the deep underground Gran Sasso National Laboratory (LNGS) in
Italy. We provide an overview of the experiment status and an outlook into the near future.
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1. Introduction

22Ne(a,n)>Mg is of crucial importance in various astrophysical nucleosynthesis sce-
narios: as the main neutron source of the weak s-process in massive stars, as a provider of
a burst of neutrons in the late stages of the main s-process, and during the production of
magnesium isotopes (see [1] and references therein).

The reaction has a negative Q value of —478.3 keV [2], and its cross-section needs to
be known as far down in energy as possible to provide the required input for astrophysical
calculations. The expected cross-section is in the picobarn range and below, thus proving
extremely challenging to measure in the laboratory. Direct attempts basically stopped over
twenty years ago, after a measurement that through enormous effort was able to push
down the extrinsic background level to about 100 cts/h, but was still unable to measure
resonances in the crucial region below a strong resonance at E, = 832 keV [3].

Instead, efforts have been focused on indirect measurements of resonance energies,
spin-parities, and partial widths in order to calculate the contribution of low-energy states
to the cross section. Significant improvements have been made, but many of the results
are inconclusive or even contradictory, leading to large uncertainties in the astrophysical
reaction rates [4-9].

To approach the problem through a direct measurement, the ERC-funded project
“SHADES”! constructed a novel neutron detection array consisting of EJ-309 scintillators
and 3He counters, a recirculating gas target and, most importantly, is locating the measure-
ment in the deep-underground Gran Sasso National Laboratories, using the newly commis-
sioned accelerator of the INFN Bellotti Ion Beam Facility (IBF) [10,11]. 22Ne(x, n)25Mg is
also part of the Laboratory for Underground Nuclear Astrophysics (LUNA) [12,13] collabo-
ration scientific program, which plans to conclude the cross-section measurement by 2025.
Together with ASFIN [14,15], n-TOF [16,17], ERNA [18-21], and PANDORA [22], LUNA is
one of the main contributors to nuclear astrophysics research in Italy.
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The combination of a high beam intensity, greatly suppressed neutron background,
and the energy discrimination capabilities of the detector finally opens up the low-energy
region to direct measurement. Where the last measurement attempt by Jaeger et al. [3] was
limited in its sensitivity by the background count rate of over 100 cts/h, the already shown
reduction in neutron background at the LNGS to below 2 cts/h [23,24] will allow for the
probing of the most promising low-energy candidate states in the compound nucleus. In
this paper, we present the current status of the project.

2. Experimental Setup
2.1. Gas Target

22Ne(a,n)?®Mg will be measured as far down in energy as possible using a recircu-
lated 22Ne-enriched extended gas target. Following Figure 1, through an aperture (Al,
7.5 mm diameter), the beam enters the first pumping stage, where a turbo-molecular pump?
(TP1) is installed in differential configuration (i.e., it exhausts into another turbo-molecular
pumping stage). A second aperture (A2, 7.5 mm diameter) is installed before a second
pumping stage, again served by a turbo-molecular pump (TP2). A scroll pump” serves as a
backing pump and is connected at the entrance of a high-volume Pfeiffer Vacuum A6-flow
pumping one, which is located next to the reaction chamber and evacuated by the 604H
pump. Two additional apertures (A4 and A5, both 6.0 mm diameter) separate the reaction
chamber from the high-flow pumping stages. The last pumping stage is operated with
another turbo-molecular pump (TP3) and is directly exhausted into the A604H pump. The
beam is eventually stopped by a slab of water-cooled copper coated with tantalum (~5 pum).
In a similar way, tantalum layers were installed in front of the apertures past the reaction
chamber (tantalum thickness > 0.25 mm) and inside the internal surface (>1 mm). A scroll
pump operates at the outlet of the high-flow pump to perform the initial air evacuation. A
bypass toward its inlet allows for a faster initial vacuum of the line. The same scroll pump
is also used to exhaust the system buffer when no gas is present. A purifier just before
the gas buffer entrance allows it to remove carbon contaminants (most relevant CO, CO,,
CHy). Finally, a gas flow controller between the buffer and the reaction chamber allows
for a regulation of the neon to be injected. ISO-KF and ISO-F flanges are used, where the
standard viton sealings are replaced with aluminium ones. They allow for a lower leak
rate and avoid carbon degassing, which may cause the contamination of recirculating gas.
Similarly, semiconductor industry-grade pumps are employed, which grant an enhanced
isolation of the oiled components, if present, from the vacuum chambers. The whole
vacuum system was operated remotely though a dedicated LabVIEW controller.
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Figure 1. Schematic view of the 2*Ne(«, n)>>Mg beam line. The best vacuum levels reached without
gas injection are reported. See the text for more details.
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2.2. Detector Array

As stated above, the detector is a hybrid array consisting of 18 3He counters with a
steel body and low intrinsic activity [25], and 12 EJ-309 organic scintillators (12 x 12 cm).
They are connected to CAEN V1725 250 Msamples/s 14 bit digitisers and read out in
synchronised clock mode in order to allow for coincidences between events. The scintillator
has the advantage of a high flashpoint, thus allowing its safe introduction into the sensitive
underground environment of the LNGS, while maintaining characteristics close to standard
materials like NE213. Its intrinsic background has been characterised as part of the SHADES
campaign and consists of the common contaminants in the aluminium body and radon
emanation in the scintillator liquid [26]. The full setup is surrounded by a 2-inch-thick 5%
borated polyethylene shielding that also acts as support structure for the detectors (for a
view of the assembly see Figure 2.

Figure 2. (Left) Partial SHADES detector array mounted around the recirculating gas target in the
Bellotti IBF experimental hall. (Right) Schematic drawing of the detector array.

3. Preliminary Results and Status

Preliminary gas target tests show that a good vacuum level can be achieved, as shown
from Table 1. At the first pumping stage, which acts as the interface with the beam line,
a pressure as low as 1078 mbar can be achieved, which meets the requirements of the
Bellotti IBF. An increase of one order of magnitude at each stage is measured, whereas a
vacuum better than 10~% mbar is achieved in the reaction chamber, which is at the low end
of the measurement range of the employed sensors. This estimate is sufficient, as the ’Ne
injection pressure inside the reaction chamber is in the mbar range. Downstream of the gas
target, from a lower pressure of about 10~¢ mbar a value of about 10~7 mbar is reached at
the latest pumping stage. When the ?2Ne gas is injected at the estimated work pressure, i.e.,
up to 4 mbar, the vacuum level rise remains inside the IBF requirement.

Table 1. Best vacuum and pressure levels of SHADES gas target. The pressure inside the chamber
(pcn), in the stages next to it (pyp; and ppwi), in the turbo-molecular stages closer the reaction
chamber (pypz and ppwz, TP2 and TP3 in Figure 1), and in the first pumping stage (Pyp1, TP3)
are reported.

Pch pur1 Ppw1 pur2 PDw2 pupr3
<10x107%* 58x10° 65x10° 11x10° 85x107 86x10°8

1.0 6.8x1072 68x102 57x10% 48x10%* 73x10°° mbar

2.1 13x1071 13x1071 18x103 19x10°3 18x10°°

3.1 1.6x1071 16x1071 35%x103 27x10% 27x10°°
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The array has been taken into operation underground, and measurements with a
neutron source and first alpha beam tests on natural neon were performed, whose data are
under analysis. An example 2D Energy vs PSD histogram and coincidence timing between
3He counter and scintillator signals are shown in Figure 3. In this case, the discrimination
parameter is based on the long-vs-short method PSD = ILI_IS , where I} is the integral over
the entire pulse and proportional to the energy, and Is is the integral over the rising part.
The coincidence characteristics are currently under investigation.

Some beam-induced background was seen and located to the source from one of the
gas target collimators, most likely caused by a straggled beam hitting a contaminated
surface. The collimator was replaced and exposed surfaces were coated with gold.
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Figure 3. (Left) Example Energy vs. PSD histogram of the EJ-309 scintillators. Neutron signals fall
in the PSD region above ca. 1.5, whereas photons lie in the band bloe centred aroung PSD = 0.1.
(Right) Coincidence time between neutron events gated on 3He counter signals.

4. Outlook

After a maintenance shutdown of the MV accelerator, tests for beam-induced back-
ground were performed in late summer 2024, with promising preliminary results and a
reduction in the background levels below those of Jaeger et al. A first long beam time for
low-energy neutron measurements was foreseen for winter/spring 2024 /2025. The 832 keV
resonance will be repeatedly measured, to extract resonance energy, strength and possibly
its width as well as reproducibility standard during the long low energy runs. Promising
candidate states in the compound nucleus that have been identified in the indirect mea-
surement campaigns will be focused on in order to improve the upper limits or, for the
first time, measure their resonance strength. The underground campaign will conclude
with efficiency measurements and a final characterisation of beam-heating effects and a gas
target density profile. More efficiency measurements with reactions that are not possible
underground are foreseen to take place in 2025, most likely at the ATOMKI laboratory in
Debrecen, Hungary.

In conclusion, after more than 20 years, a new direct measurement campaign for the
astrophysically important reaction 2?Ne(«, n)?*Mg has entered its production phase in the
Bellotti IBF at the INFN-LNGS. Over the following year, it is expected that the experiment
will drastically improve upper limits or measure low-energy resonance strengths that are
crucial for astrophysical calculations in a variety of scenarios.
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Notes

1
2
3

ERC-StG 2019 #852016, “Scintillator-*He Array for Deep-underground Experiments on the S-process”.
The three turbo-molecular pumps employed are Pfeiffer Vacuum HiPace 60.

The two scroll pumps employed are Pfeiffer Vacuum HiScroll 12.
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