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Abstract

We introduce the LUNA neutron detector array developed for the investigation of the '3C(a,n)'°O reaction towards
its astrophysical s-process Gamow peak in the low-background environment of the Laboratori Nazionali del Gran
Sasso (LNGS). Eighteen 3He counters are arranged in two different configurations (in a vertical and a horizontal
orientation) to optimize neutron detection efficiency, target handling and target cooling over the investigated energy
range E, ,, = 300 — 400 keV (E, = 2.2 — 2.6 MeV in emitted neutron energy). As a result of the deep underground
location, the passive shielding of the setup and active background suppression using pulse shape discrimination, we
reached a total background rate of 1.23 +0.12 counts/hour. This resulted in an improvement of two orders of magnitude
over the state of the art allowing a direct measurement of the '*C(a,n)!'°0 cross-section down to E, 1, = 300 keV.
The absolute neutron detection efficiency of the setup was determined using the >'V(p,n)*! Cr reaction and an AmBe
radioactive source, and completed with a Geant4 simulation. We determined a (34+3) % and (38+3) % detection
efficiency for the vertical and horizontal configurations, respectively, for E, = 2.4 MeV neutrons.

Keywords: Helium-3 counter, Low-background, Underground laboratory, Nuclear Astrophysics, Neutron

Preprint submitted to Nuclear Instruments and Methods in Physics Research, Section A Received: date / Revised version: date



1

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

1. Introduction

The '3C(a,n)'°O reaction is the dominant neutron
source for the synthesis of the elements heavier than
iron via slow neutron captures (the s-process) in ther-
mally pulsing, low-mass AGB stars [[1]. The relevance of
this reaction for the synthesis of heavy elements and the
most recent experimental studies are extensively illus-
trated in [2H6]. As underlined by [6], direct data in the
low energy region are highly desirable to better constrain
the '3C(a,n)'°0 astrophysical reaction rate. In order to
measure the rapidly declining cross-sections in this en-
ergy region, a low neutron background and high neutron
detection efficiency are needed.

Here, we introduce the LUNA neutron detector ar-
ray, which has been developed for '3C(a,n)'°0 reaction
cross-section measurements at the underground LUNA
400kV accelerator [7] of the Laboratory for Underground
Nuclear Astrophysics (LUNA) facility installed in the
Laboratori Nazionali del Gran Sasso (LNGS), Italy.

The deep underground environment of the LNGS leads
to a reduction of the natural neutron background by three
orders of magnitude with respect to the surface [89]. At
this level, the intrinsic radioactivity of the detector and
other nearby materials becomes the dominant source of
background [10]. To constrain the astrophysical reaction
rate, the measurement of the '>C(a,n)'°O reaction cross-
section (Q value =2.216 MeV) needs to be performed at
energies E, 1., < 400 keV [6]. At these beam energies,
emitted neutrons are in energy range E,, = 2.2-2.6 MeV,
given in laboratory coordinate system, considering also
the counters position of the LUNA neutron array. As-
suming a beam current of Ipe,, = 100 pA, the estimated
neutron emission rate at these energies is as low as 1
neutron/hour. Therefore, our goal was to minimize the
background counting rate and to optimize the absolute
neutron detection efficiency (77,) of the LUNA neutron
detector array in the neutron energy region of around 2.4
MeV.

In contrast to y-ray spectroscopy, the determination of
the neutron efficiency curve is challenging mainly due
to the limited choices of sources with accurately known
energy spectra and/or angular distributions (in the case
of reactions) and in some cases the limited availability
of accurately calibrated sources. A standard procedure
is to employ radioactive sources (32Cf, AmBe), which
emit neutrons with a continuous energy spectrum, in
combination with Monte Carlo simulations [2} [11} [12]].

*Corresponding author
Email address: 1laszlo.csedreki@lngs.infn.it (L.
Csedreki)
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The efficiency curve can be complemented using nuclear
reactions, e.g. the ' V(p,n)’!Cr reaction [I3H16]. To
constrain the uncertainty of efficiency determination, the
design of neutron detection setup should be optimized
to obtain an energy-efficiency relation as flat as possible
along the energy range of interest [[15]].

This paper consists of the following sections: section
is devoted to the technical description of the neutron
detector array; in section [3| the background character-
ization of the experimental setup is presented; section
Ml describes the determination of the neutron detection
efficiency, followed by an overview of the simulation in
section 3} results are discussed in section [6}

2. Description of the neutron detector array

The detector array contains eighteen *He filled propor-
tional counters with stainless steel housing[ﬂ They are
arranged in two concentric rings around the target cham-
ber: twelve counters of 40 cm active length are located
at a radius of 11 cm, and six counters of 25 cm active
length are located at 6 cm radius. This configuration
allows for a nearly 4r solid angle coverage around the
target. As *He has a very high cross-section for captur-
ing thermal neutrons through the *He(n,p)*H reaction
(O Thermar = 5330 barn, Q = 764 keV), effective ther-
malisation of the emitted neutrons from the *C(a,n)'°0
reaction is required. To achieve this, the counters are em-
bedded in a high-density polyethylene (PE) moderator.

To measure the very low number of neutrons emitted
at the lowest energies, the neutron detection efficiency,
target handling, and active target cooling has to be op-
timized. Therefore, two detector geometries were de-
signed for the experimental '*C(a,n)'°O campaign: in
one configuration the counters positioned at 90 degrees
to the beam axis and in the other the counters are po-
sitioned parallel to the beam (these two configurations
are referred hereafter as “vertical” and “horizontal” se-
tups, respectively, see figure[I)) were used. Moreover, the
distribution of the *He counters was also optimized to
maximize the efficiency at the energy of interest (around
E, = 2.4 MeV).

The vertical setup was used with a “T”-shaped stain-
less steel target chamber composed of vertical and hor-
izontal tubes with an outer diameter of 52 mm. The
beam arrives along the horizontal tube of the chamber
and impinges on the target mounted on a multi-stage,

"Manufactured by GE Reuter-Stokes, Inc., model numbers RS-P4-
0816-217 and RS-P4-0810-250. The nominal filling pressure is 10
atm.
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Figure 1: Vertical (left panel) and horizontal (right panel) setup of the LUNA neutron detector array. Dimensions of the moderators, target positions

and beam direction are also indicated (see text for more details).

water cooled target holder with capacity for three targets
installed in the vertical tube of the chamber. This mini-
mizes possible contamination and simplifies the target
changing procedure during the experiment. Moreover,
the target holder could be extracted from the chamber
without interfering with the moderator contributing to
the stable condition of the setup.

In the horizontal setup, a single, water cooled target
was mounted at the end of the horizontal tube (a diam-
eter of 40 mm). This setup allows for a higher neutron
detection efficiency and better cooling capacity, and was
used for the low-energy measurements where detection
efficiency was of particular importance. The moderator
is divided vertically in two, movable section to allow for
easy exchange of the target (see figure/T).

In addition, the moderator was surrounded with 25.4
mm (vertical configuration) and 50.8 mm (horizontal
configuration) thick layer of 5 % borated polyethylene
(BPE) to further reduce the environmental neutron back-
ground. The shape of the polyethylene shielding in the
horizontal and the vertical setup was constrained by the
arrangement of the 3He tubes, which was optimized tak-
ing into account the target changing procedure, efficiency
and target cooling capacity. The neutron counters in the
vertical setup was used to measure the 13C(a,n)'°0 reac-
tion cross-section in the energy range E, 1o, = 360 — 400
keV, while higher neutron detection efficiency, further
background suppression by more shielding material, and
better cooling of the horizontal setup allowed for the
low-energy measurements at E, j,, = 300 — 360 keV.

In both setups, a cooling loop running deionised water
at 5 °C is integrated in the target holders for beam power
dissipation (on the order of ~ 100 W). Further descrip-
tions of the setup can be found in previous publication

[T7].

I
©

@
©

2.1. Data acquisition system

Signals from the counters were shaped in CAEN
A1422 charge sensitive preamplifiers with a gain of 90
mV/MeV. Each module has 8 channels plus a common
test input, for a total of 3 modules used. The signal is
fed to a CAEN V1724 100 MS/s 14-bit digitizers, which
are read out through a common USB connection. The
18 signals (one from each *He counter) are distributed to
three digitizers occupying 6 channels/module.

A pulse height analysis firmware implementing a
trapezoidal shaping algorithm (CAEN Dpp-PHA)
was used for the efficiency measurements (see Section
@.T]and[A.2). To estimate the system dead time, a refer-
ence pulse generated with a BNC DB-2 random pulse
generator was fed into the test input of each preamplifier
and one of the free channels in each digitizer.

For the underground measurements, the signals of
each counter were read out and digitized for off - line
analysis using a custom Labview interface [[19]. This
configuration allows to perform pulse-shape discrimina-
tion [20Q], which is of particular importance for the low-
energy measurements at E, 1, < 340 keV (see Section
[). Due to the low event rates (<1 Hz), the underground
measurements were considered dead-time free.

3. Internal and external backgrounds

As already pointed out, both high detection effi-
ciency and low background are crucial to achieve the
required sensitivity for a low energy measurement of the
13C(a,n)'°0 reaction. In our case, the location of the ex-
perimental apparatus and the properly selected material
of the enclosure of the *He counters imply an unique
low-natural background. The comparison of the exper-
imental background in the signal region of interest is
presented in figure 2} showing data taken on the Earth’s
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surface (dashed line), in the underground laboratory of
the LNGS (dash-dotted line) using single counter made
of aluminium, and in the underground laboratory using
counter made from stainless steel — part of the setup we
are describing here (solid line).

stainless steel in surface lab

- aluminium in UG lab

stainless steel in UG lab

Counts per channel [s]

100 200 300 400 500 600

700 800
Energy [keV]

Figure 2: Comparison of background spectra of bare He counters
acquired on the surface and in the underground laboratory (UG lab)
using single counters made from aluminum (dash-dotted line) and from
stainless steel (dashed and solid lines).

The signals from the 3He(n,p)*H products (proton and
triton) appear between 150 and 800 keV including the
full-energy deposition (764 keV) and the cases when one
of the product is absorbed in the wall of the counters,
so called wall-effect. All three measurements were per-
formed without any moderator or shielding around the
detector.

The alpha activity of radioactive contaminants (from
the decay chain of uranium and thorium) inside the en-
closure of the counters leads to an intrinsic background.
From the count rate in the energy region above the ther-
mal neutron peak and assuming a flat alpha spectrum
[8], the alpha activityﬂ of the enclosure material was
evaluated to be (2.71 + 0.07) - 107® & cm™2s7! (to be
compared to 6 - 107 @ cm™2s~! for the Al counters [8]).
The average alpha background rate integrated over the
neutron signal region was about 1.50 + 0.04 @ hour™" for
the entire array.

For the entire setup, the total background rate inside
the neutron signal region (between 200 keV and 800
keV in figure 2 is 3.34 + 0.11 (vertical) and 3.08 + 0.09
(horizontal) counts/hour. This is the sum of the intrinsic
alpha and the extrinsic neutron backgrounds.

However, going towards the s-process Gamow peak,
the reaction yield of the '3C(a,n)'%0 reaction drops to the

2Calculated as the total alpha yield, assuming a flat alpha spectrum
also in the neutron signal region, measured for the entire setup divided
with the total surface area (in cm?) of the *He counters.
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1 event/hour level. Therefore, even the achieved very low
background severely limits the sensitivity towards the
lowest energies and needs to be further suppressed. For
this, we applied the pulse-shape discrimination method
described in ref. [20] to the signals from the detectors,
removing practically all a-particle signals and lowering
the total background to 1.23 + 0.12 counts/hour. It is
worth noting that this number is affected by the efficiency
of PSD method as it is described in ref. [20], which we
will consider in the cross-section determination. The
achieved background rate represents an improvement of
two orders of magnitude over similar setups [2} [11]].

4. Efficiency measurement

To determine the neutron detection efficiency (77,,) of
both configurations of the LUNA neutron detector array,
we performed measurements using the ' V(p,n)>! Cr re-
action at the Van de Graaff Laboratory of Institute for
Nuclear Research (Atomki) in Debrecen, Hungary. To
further extend the investigated neutron energy region, we
also performed an efficiency campaign using an AmBe
neutron source (described in Section[4.2) at the Univer-
sity of Naples “Federico II”. The experimental arrange-
ment of the neutron arrays in both efficiency campaigns
was identical with one of the underground measurements,
unless indicated otherwise in the respective section.

4.1. The>'V(p,n)’' Cr reaction

The measurements were performed at the 30°
beamline of the 5SMV Van de Graaff accelerator of
Atomki[21]. The beam was transported through a series
of tantalum collimators resulting in a ~ 5 mm diameter
beamspot on the target surface. The closest collimator
was located 50 cm from the target outside the volume
of the moderator. The accumulated beam charge was
measured by an ORTEC 439 Digital Current Integrator.

The >'V(p,n)’'Cr reaction (Q=-1534.8keV) was
used to produce monoenergetic neutrons in the energy
range below 1 MeV. Due to the slow variation of neu-
tron intensity and energy with angle, combined with
the well-known target preparation and utilization, the
3V (p,n)°' Cr reaction is widely used for calibration of
neutron detectors [[13H15) 22| [23]]. However, its appli-
cation is limited by the opening of additional neutron
channels above Ej, ., = 2330 keV, which corresponds
to the first excited state of >'Cr at E, = 749 keV. Above
this energy, neutrons of different energies (ng for ground
state transition, n; for the first excited state, etc.) might
be mixed in the emitted neutron spectrum of the re-
action. In spite of the n; neutron channel opening at
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Ep b = 2330 keV, the work of [13]] indicates a negligible
contribution of this neutron group to the total flux up to
E,1ab = 2600 keV. Therefore, we performed the measure-
ments at B, 1, = 1700,2000, 2300, 2600 keV assuming
monoenergetic ny neutrons emitted at 130, 420, 710 and
990 keV energy, respectively.

The targets for these measurements were made by
evaporating natural vanadium with nominal thicknesses
of 60 - 200 ug/cm? (typically 7 — 17 keV proton energy
loss at Ep . = 1700 — 2600 keV) onto 0.3 mm thick
tantalum backings. The beam intensity was limited to
minimize the dead time of the data acquisition system.
The average beam intensity varied between 20 nA and
500 nA. A blank tantalum target was also irradiated
before each vanadium target run in order to investigate
the possible contribution of beam induced background
to the measured neutron yield. It was always found to be
less than 0.1 %.

The determination of the total number of emitted neu-
trons was based on the activation technique [24]. The
3V (p,n)>!Cr reaction emits neutrons and produces an
equivalent number of °'Cr radioactive nuclei. These
nuclei decay via electron capture with a half-life of
tio = 27.7025(24) days. With a branching ratio B of
9.91(1) %, the decay leads to the first excited state in
31V and is followed by the emission of a 320keV y ray
[25]. The detection of this y ray provides the possibility
of determining the number of reactions and hence the
number of neutrons produced.

After irradiation, off-line y-ray measurements of the
activated targets were performed at Atomki using a 100
% relative efficiency HPGe detector placed in a complete
47 lead shielding [26]. The absolute efficiency (17320) of
the HPGe detector was (13.4+0.4) % at E,=320keV, as
determined with calibrated radioactive sources of 1*7Cs,
0Co, '33Ba and '>2Eu. The efficiency curve of this partic-
ular detector and the method of the efficiency calibration
is presented in [24] Section 3.1.

The neutron detection efficiency, 1,, of the detector
array at a given incident proton energyE] can be calculated
using the standard formula of activation [24]. The num-
ber of reactions (Ng) that take place during the activation
time #; can be obtained as:

Ny e A

B B- 17320 1 —e e 1 —e ’
where N, is the number of detected 320 keV 7 rays (after
dead time correction), ¢, is the counting time, #,, is the

Ng

)

3The energy of the emitted neutrons as a function of emission
angle relative to the incident beam direction is calculated based on the
equation C.5. in ref. [27] and the arithmetic mean is used as an average
neutron energy assigned to the incident proton energy.

305

306

307

308

309

310

waiting time elapsed between the end of the irradiation
and the start of the counting, and A = In(2)/t; is the
decay constant of 3!Cr.

Then 5, can simply be calculated as:

Ny

M
where N,, is the number of the detected neutron events.
For the determination of N,,, dead time correction is
applied using the signal of a pulser with a rate of 20
pulses/sec.

4.2. Measurement with an AmBe source

To extend the efficiency towards higher neutron ener-
gies, another campaign of measurements was performed
using an AmBe neutron source (manufactured by Eckert
& Ziegler). As only a nominal activity was known, we
performed the calibration campaign as follows.

The combination of °Be and the a-emitter *' Am leads
to the production of neutrons with energies up to 12 MeV
via the reaction

9Be+4He—>12C+n,

leaving '?C in either the ground or the excited state. For
n; emission, a y ray of E,=4.4 MeV is emitted from
the de-excitation of the first excited state in 'C. The
probability of n; emission, or the y(4.4MeV)/n,,,; ratio
is R = 0.575 £ 0.028 (see [28]] and references therein).
Therefore, by measuring the y-activity we can determine
the total activity of the source.

To better constrain the systematic uncertainty of the
y-ray measurements, three different types of detectors
(LaBrj3:Ce, Nal, HPGe) were used simultaneously. The
detectors were arranged at 6 = 30°,330° and 180° with
respect to the surface of the neutron source. The source
was placed on a target holder in the center, at a distance
of 10 cm from the detectors. To suppress the low-energy
gammas emitted by the source, lead plates with 1 mm
thickness were inserted between the source and the -
detectors. The absolute efficiency (1,) curve of the dif-
ferent detectors was determined using ®°Co and *¢Co
radioactive sources (activities A, are known at a preci-
sion of <1 % and 3 %, respectively) and extended to
higher energies using an extrapolation that was cross-
checked with a Geant4 simulation. Overall a relative
uncertainty of the extrapolated efficiency of ~ 3% was
reached at E, = 4.4 MeV.

The activity A, of the source can be determined
through

Ny
" naaRt

3
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where N, is the number of net counts in the full-energy
peak. The measurement time is defined by ¢ and 744
is the photo-peak efficiency of the y-ray detectors at
E, = 4.4 MeV. The A, values and their weighted mean
activity determined through the different y-ray detectors
are presented in figure[3] The activities measured with

=—130F
w |
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< 120
C Nal
110
ClaBrd s ] HPGe _|
100 | I
B -
80
70C

Figure 3: Comparison of the neutron activities evaluated with the three
different y-ray detectors. The solid and the two dashed lines represent
the weighted average and the associated one sigma uncertainty range.

the three different y-ray detection setups agree within
one sigma. We obtained a A, = 97.9 + 5.8 n/s as a
weighted average of the values. The indicated value
takes also into account the uncertainty of the branching
ratio R (4.8 %).

Since the AmBe neutron spectrum has a wide energy
range (E, =0 to 12 MeV), the effective (or weighted av-
erage) neutron energy E, ampe Was determined using
the neutron emission probability at a given energy E,
and the energy dependence of the efficiency. This ef-
ficiency trend was calculated using Geant4 simulation
(see in Section [5) and the reference neutron spectrum
was taken from ISO 8529-2 [291[30]. The resulting value
was E . ampe = 4.0 £ 0.3 MeV.

The physical quantities, parameters and their uncer-
tainties in the experimental efficiency calculation using
the 51V(p,n)51C1r reaction and the radioactive source are
reported in table[I] The total uncertainties are obtained
from the quadratic sum of partial uncertainties unless
indicated otherwise in the respective section.

5. Simulation of the detector response

We used the Geant4 toolkit [31] 132]] E]to simulate the
detector response. All materials in the detector region

4Geant4 version 10.03, with “neutron high precision” physics and
thermal scattering corrections enabled for water and polyethylene.
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were included according to the technical drawings of
the various components (moderator, shielding, detectors,
target chamber, water cooling). The simulation was used
to calculate the relative distribution of counting rates
between the counters, the ratio between total yields of
the outer and inner ring, and the energy dependence of
the neutron detection efficiency. The energy broadening
and angular distribution effects due to the transformation
from the center-of-mass frame to the laboratory frame
were taken into account for the nuclear reaction measure-
ments. The neutron emission of the AmBe source was
assumed to be isotropic.

Simulations of the hit patterns in the vertical config-
uration were carried out for the ° 1V(p,n)51Cr reaction
at B 1 = 1700, 2000, 2300 and 2600 keV, correspond-
ing to average neutron energies of E;, = 130,420,710
and 990 keV; and for the AmBe neutron source, corre-
sponding to E, = 4000 + 300 keV, respectively. The
comparison between measurements and simulation at
Ep 10 = 1700 keV and using the AmBe source is shown
in figure[d with the beam axis at 0 degree.

It is worth noting that the total number of detected
neutrons from the simulation was normalized to that
obtained in the experimental measurements for the com-
parison. Due to the small statistical uncertainties, the
error bars are not visible in the figure.

There is a fair agreement between simulation and ex-
perimental measurements. The not-uniform distribution
of the yields for the counters at different positions is also
well reproduced by the simulation. This anisotropy is
attributed to geometrical effect, the distribution of con-
struction materials (e.g., the water in the cooling loop),
and the kinematics of the nuclear reaction.

Therefore, we consider our simulation model suitable
to obtain 7, in the LUNA energy range.

6. Results and discussion

To determine the neutron detection efficiency 7, at the
neutron energy region of interest for the '3C(a,n)'°0
measurement (E, ~2.4 MeV), the experimental effi-
ciency data were compared with the simulated results
(including the kinematic energy distribution effect, see
section[3)). The measured and simulated 7, obtained from
the >'V(p,n)’'Cr reaction and AmBe neutron source,
and the energy of bombarding particle and emitted neu-
trons in keV are summarized in table 2l A notable dis-
crepancy is present between the experimental and sim-
ulated data. Therefore, we determined a scaling factor
Lgca = 0.77 £ 0.01 between the simulated and the mea-
sured efficiency using the least squares method. The
application of such a scaling factor is commonly used



396

397

398

399

400

Table 1: Physical quantities, parameters and their uncertainties applied in the experimental neutron detection efficiency calculations.

Neutron emitters Parameters | Value Uncertainty (%)
SIV(p.n)>ICr Ty2 (day) | 27.703  0.01

B 0.0991 1

17320 0.134 3

Ny—AA - <2
AmBe Naa - 3

A, (®Co) | - <1

A, (°%Co) | - 3

R 0.576 4.8

5y (p,n)°'Cr at 1700keV
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Figure 4: Comparison between the experimental (filled symbols) and

the simulated (empty symbols) yields as a function of counters position.

Circles (squares) refer to the inner (outer) ring of 3He counters in
vertical configuration. Experimental data are obtained by exploiting
the reaction 51V(p,n)51 Cr at Ep 1ap = 1700 keV (top panel) and by using
the AmBe source (bottom panel).

to compensate the deficiencies of the simulation model
[33435] and the absolute scale is consistent with those
found with similar neutron detection setups [14}[15]. The
rescaled simulated data are also presented in table[2]
Lgcal can be used to calculate the nominal efficiency
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curveﬂ This is presented in figure |5| (dashed line) to-
gether with the experimental results (filled symbols),
where the plotted experimental data were corrected with
the kinematic energy distribution effect to obtain the
nominal efficiency values. To cross-check the consisten-
cies of our model, the results for the inner (dotted line)
and outer (dash-dotted line) rings of the detector array
are shown separately.

A general agreement was obtained between the sim-
ulated and the experimental data. However, there is a
slightly different energy dependence of the efficiency
curve between the experimental and simulated data set,
which may be attributed to various sources of uncertainty
in the simulation Monte Carlo code, such as geometry,
multiple-scattering of neutrons on the construction ma-
terials, elastic, inelastic scattering and nuclear reaction
cross sections, molecular vibrational and rotational exci-
tation modes in the moderator material.

Because the relevant energy range of this measure-
ment is relatively narrow and well defined compared
to the energy range where the efficiency is measured
and simulated, with the quoted uncertainties the deter-
mined efficiency seems robust, regardless the possibly
energy dependent scaling factor (see below). Moreover,
in the next future the installation of LUNA MYV facility at
LNGS will allow to extend the efficiency measurements
adding more high energy calibration points by other re-
action or by a calibrated 23>Cf source. This will permit
to better constrain energy dependence.

The simulation results in efficiencies of (35+1) % (hor-
izontal) and (32+1) % (vertical) for the two configura-
tions of the neutron detector array in the LUNA energy
range (E, 1. = 300 — 400 keV, E, ~2.4 MeV).

To obtain a more robust 77, in the LUNA energy range,
we also used another approach to interpolate the 7, from
the low - and high-energy data points. The experimental

SThis is the efficiency curve assuming monoenergetic, isotropically
distributed neutron emission in the laboratory frame.



Table 2: Experimental and simulated neutron efficiencies for the different detector geometries given in %. The presented simulated results are already
corrected for reaction kinematics and angular distribution. “Simulated-rescaled” represents the calculated efficiency (“Simulated”) by the Geant4
code is scaled to the “Experimental” data using the least squares method.

Reaction E,(keV) E,(keV)* Experimental Simulated | Simulated-rescaled
vert. hor. vert. hor. | vert. hor.
STV (p,n)’'Cr 1700 130+20 423+ 14 46.6+23 | 564 63.0 | 43.7 48.1
2000 420+30 412+ 1.3 454+23 | 542 61.0 | 42.0 46.6
2300 710+50 404+ 1.3 440+22 | 52.6 582 | 40.8 44.5
2600 990+60 38.5+ 1.2 50.3 39.0
AmBe 4000+£300%* | 324+ 1.6 355+ 1.7 | 35.8 40.6 | 27.7 31.2

= Due to the reaction kinematics and finite target thickness, neutrons are not strictly monoenergetic. Here, the average energy and the minimum and

maximum energies are given.

#+ The AmBe source emits neutrons with energies between E, = 0 — 12 MeV. The indicated value is the effective neutron energy (see Section[d.2).
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Figure 5: Experimental efficiencies (filled symbols) and the rescaled-
nominal efficiency curve (dashed line) obtained using the vertical
(upper panel) and horizontal (lower panel) setups, respectively. The
simulated and the experimental efficiencies related to the inner (squares
and dotted lines) and outer (triangles and dash-dotted lines) ring of
the setups are also presented. The linear fit of the experimental data
(solid lines) and the proposed efficiency value at E,, = 2.4 MeV (empty
diamonds) are also presented.
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efficiencies as a function of neutron energy (corrected
with the kinematics energy distribution) were fitted with
a linear function, as shown the solid lines in figure E}
The uncertainty of the interpolated data was estimated
using random sampling of the measured data assuming
Gaussian distribution of the assigned uncertainties and
considering also the uncertainty of the AmBe effective
neutron energy. The n, was interpolated to be (40+1)
% (horizontal) and (36+1) % (vertical). A relative =15
% discrepancy is present between the interpolated and
the simulated values. Therefore, we adopt the average of
efficiency between the two methods with an assigned un-
certainty to cover both the simulated and the interpolated
value, (38+3) % and (34+3) % E] (indicated the red empty
diamonds in figure [5) for the two setups in the LUNA
energy range. It is worth noting that the values indicated
above assume an isotropic distribution of the emitted neu-
trons. An energy-dependent correction should be applied
to take into account the effect of the angular distribution
of the neutrons emitted in the '*C(a,n)'°O reaction when
calculating the reaction cross-section. This will be pre-
sented in forthcoming publication.

7. Summary

A new LUNA neutron detector array has been commis-
sioned for the investigation of the '*C(a,n)'%0 reaction
towards its astrophysical s-process Gamow peak in the
low-background environment of the LUNA experiment
at the Laboratori Nazionali del Gran Sasso.

5The systematic uncertainties attributed to possible geometrical
effect, such as the not point like- and off centered - beamspot, and
asymmetrically located counters along the horizontal and vertical axis
were controlled using Geant4 simulation and experimental measure-
ment using AmBe source. A relative <1 % was obtained on the 7;.
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As a result of the low intrinsic activity of the *He
counters, the passive shielding of the experimental appa-
ratus, the applied pulse shape discrimination technique
and the deep underground location of the experiment, we
achieved a total background rate 1.23 + (.12 counts/hour.

Due to the large reduction of the reaction yield of
the 3C(a,n)'°0 reaction over the energy range Eq 1., =
300 — 400 keV investigated by the LUNA experiment,
two different configurations of the setup were used with
vertically and horizontally arranged *He counters. This
provided an optimized neutron detection efficiency, tar-
get handling and active target cooling.

We determined the neutron detection efficiency in a
wide neutron energy range (0.1 — 4.0 MeV) experimen-
tally using the ' V(p,n)>!Cr reaction and an AmBe neu-
tron source combined with a robust simulation based
on Geant4 code. A (38+3) % (horizontal) and a (34+3)
% (vertical) absolute neutron detection efficiency of the
setup were obtained as averages in the E;, = 2.2 - 2.6
MeV range corresponding to the neutron emission of the
13C(a,n)'%0 reaction in the LUNA experiment.

We conclude that the total environmental neutron back-
ground of the LUNA neutron detector array in the deep
underground location of the LNGS, combined with high
neutron detection efficiency, creates a unique possibility
to measure the cross-section of the '3C(a,n)'°O reaction
approaching its s-process Gamow peak.
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