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In the frame of the PANDORA project, a new experimental approach aims at
measuring in-plasma B-decay rate as a function of thermodynamical conditions
of the environment, namely a laboratory magnetized plasma able to mimic some
stellar-like conditions. The decay rates (expected to change dramatically as a
function of the ionization state) will be measured as a function of the charge state
distribution of the in-plasma ions. The new experimental approach aims at
correlating the plasma environment and the decay rate. This can be
performed by simultaneously identifying and discriminating—through an
innovative multi-diagnostic system working synergically with a y-ray detection
system —the photons emitted by the plasma and y-rays emitted after the isotope
B-decay. In this study, the numerical simulations supporting the design of the y-
ray detector array, including a statistical significance study to check the feasibility
of measuring the in-plasma decay rates, are presented. Geant4 simulations
focused on the design of the array of y-ray detectors and the evaluation of
total efficiency depending on the detector type and the optimal displacement of
detectors around the trap (including collimation systems and shielding). The
simulation results showed that, due to technical limitations in the number of
apertures that can be created in the magnetic trap, the best compromise is to use
14 HPGe (70% of relative efficiency) detectors surrounding the magnetic trap. The
HPGe detectors were chosen for their excellent energy resolution (0.2% @
1 MeV), since the harsh environment (the background is represented by the
intense plasma self-emission) strongly affects the signal-to-background ratio.
Once determined the total photopeak efficiency (0.1-0.2%), the sensitivity of the
PANDORA experiment was checked in a "virtual experimental run,” by exploring
the measurability of isotope decay rates for the first three physical cases of
PANDORA: Y¢Lu, **Cs and °*Nb. The preliminary results demonstrated the
feasibility of the measurement in terms of the signal-to-background ratio and
significance thatitis possible to reach. The results indicated that experimental run
durations could take from several days to 3 months, depending on the isotope
under investigation, thus shedding new light on the role of weak interactions in
stellar nucleosynthesis.
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1 Introduction

The main aim of the PANDORA (Plasmas for Astrophysics,
Nuclear Decay Observation and Radiation for Archaeometry)
project [1, 2] is the in-plasma measurement of -decay lifetime of
selected radioisotopes which, due to the plasma environment, is
expected to undergo a significant variation relative to the value
measured in neutral atoms [3-5]. The driving mechanism which
can lead to such a change in the $-decay lifetime is represented by
the opening of a new decay channel, the bound state -decay [6].
Such a decay becomes effective due to the high degree of
ionization of the atoms in the plasma which allows the
electron emitted in the S-decay to be captured into a bound
electron state of the daughter nucleus. The astrophysical
relevance and implications of bound state p-decay, in
particular for the s-process, have been widely discussed by
several authors. Its observation in plasma whose conditions
can mimic the hot stellar environment is expected to have a
major impact on the study of nuclear-astrophysics processes
[7-9] and cosmology. In particular, the experimental results
could support the possibility of using specific long-lived
isotopes as cosmological tools (chronometers), since the
current uncertainties in their lifetime do not allow to be
confident in estimating the age of a given astrophysical object
by just looking at the relative abundances of certain isotopes
(i.e., measuring the “father-son” abundances ratio).

To reach this goal, we will make use of a compact and flexible
plasma trap equipped with a multi-diagnostic setup [10, 11] to
monitor the density and temperature of the plasma and the charge
state distribution (CSD) of the ions. The plasma working conditions
will be characterized by electron density values n, ~ 10''-10"* cm™
and a range of temperatures kT, ~ 0.1-30keV. In this
environment, ions remain cold with kgT;,, < 20 eV.

The decay of the radioactive ions will be measured through
the detection of the y-rays emitted by the p-decay daughter
nuclei. This task will be accomplished by an array of several
HPGe detectors placed around the trap, in specific positions
where holes were made in the cryostat structure to directly look
into the plasma through thin aluminum windows. The design of
the detection array proposed for the project is the result of
Geant4 simulations [12] performed to evaluate the main
features of the y-ray detection setup and its efficiency in the
decay tagging.

In the following study, we will discuss the numerical
simulations focused on the design of the y-ray detector array
and the technical solutions (in terms of type, number, position of
the y-ray detectors, collimation and shielding system) foreseen to
achieve the goals of PANDORA. Furthermore, a statistical
significance study will be presented, including simulations
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supporting the feasibility of the measurement of the decay
rate in plasma, for the first three physical cases selected for
the of PANDORA. The results
demonstrated the feasibility of the measurement in terms of

phase-1 preliminary
30 significance that it is possible to reach, determining the
expected duration of experimental runs (which varies from a
several days to 3 months, depending on the isotope under
investigation) thus shedding new light on the role of weak

interactions in stellar nucleosynthesis.

2 The plasma trap design

In order to investigate the variations in f-decay lifetime due
to a high degree of ionization of the ions in a plasma
environment, the PANDORA project will make use of a
dedicated trap [13] where the plasma is confined by a three-
dimensional magnetic well. The trap will be realized by means of
a fully superconducting magnetic system, similar to the one used
in ECR (electron cyclotron resonance) ion sources, consisting of
three coils for axial confinement and a nested hexapole for radial
confinement which will be tuned in order to create the so-called
minimum-B magnetic-field configuration, mandatory to match
magnetohydrodynamical (MHD) equilibrium and the stability of
the plasma. The magnetic system will be surrounded by an
ARMCO" iron yoke, placed at a radial distance of about
20cm from the coils’ outer radius, having a thickness of
about 2.5 cm used to confine the magnetic field. The cryostat
includes a central warm bore which allows the insertion of the
plasma chamber made of aluminum.

The magnetic system will be able to operate at any value in
the range of about 1.7-3 T allowing for a proper tuning of the
plasma parameters and ensuring plasma stability. It will
surround a cylindrical plasma chamber of outer radius of
about 15cm and length of about 70 cm. The size has been
optimized to increase the confinement time, one of the
parameters governing the production of high charge states
(the other is the plasma density), to increase the microwave to
plasma coupling efficiency and to have enough space for non-
invasive diagnostic tools and the array of y-ray detectors. Since
the plasma density scales with the square of the frequency w?;
[14], to increase the plasma density, the trap has been designed to
operate at high frequencies, using the technique of double
frequency heating which improves plasma stability and source
performances [15, 16]. In particular, the PANDORA trap will
operate at 18 + 21GHz in MHD-stable
configuration. The plasma will be fed by three microwave

frequencies

generators with about 6 kW of total RF power (scalable up to
10 kW) allowing it to reach a power density (considering only the
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HPGe y detectors Array

FIGURE 1

Rendering of the PANDORA setup, including the
superconducting magnetic system (in red) inside its cryostat and
iron yoke; the array of HPGe detectors; the main diagnostics
(optical, X-ray and interfero-polarimetry); the mass
spectrometer and the RF system.

plasmoid volume) in the range between 1.38 and 2.5 kW/L. This
selected total microwave power that could be delivered to the
PANDORA plasma chamber depends on a compromise between
the performances that can be reached (mainly in terms of the
charge state distribution) and the engineering challenge for its
cooling [13].

The trap design included a set of radial lines of sight, in order
to access the plasma to detect the y-rays emitted in the decay of
daughter nuclei populated in the f-decay process and for a
proper positioning of specific diagnostic tools whose use is
fundamental to measure the plasma parameters. These lines of
sight are placed radially between the warm bore radius and the
external iron yoke through the cryostat and the inner cold mass
so that the different materials used to build the magnetic system
and the yoke would shield both the y-rays and plasma radiation.
For this reason, the apertures in the cryostat have been placed in
the interspaces of each coil of the hexapole. Such a choice has the
advantage of using the hexapole itself as a collimator and shield
for the photon flux emitted from the plasma chamber walls,
therefore, improving the signal-to-background ratio.

The results of simulations performed using Geant4 suggested
that the best compromise, considering the mechanical problems
in the creation of the lines of sight, the possible modification of
the magnetic field shape and the necessary p-ray detection
efficiency, can be obtained by creating three conical apertures
in each hexapole element allowing for the placement of 12 HPGe
detectors and six plasma diagnostic tools. All their axes point to
the center of the plasma chamber so that opposite apertures are
collinear. The position of the apertures used for the y-ray
detectors has been chosen in order to avoid the so-called
magnetic branches (i.e., the region of the magnetic trap where
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the B-field lines are more intense) for which the background due
to intense bremsstrahlung X-ray emission (due to axial and radial
losses impinging on the plasma chamber walls) is expected to be
more intense.

The HPGe detectors will be placed around the trap, at a radial
distance of a few centimeters from the yoke using a dedicated
mechanics. At such a distance the stray field, according to the
technical specifications, will be of the order of 100G, and
therefore, no effects due to the magnetic field are expected on
the charge collection efficiency which could lead to a worsening
of the detector resolution. Two further HPGe detectors (and
eight further plasma diagnostic tools) will be placed axially
looking into the plasma through aluminum windows present
in the walls of the plasma chamber.

A sketch of the PANDORA
superconducting magnetic system (in red) inside its cryostat

setup, including the
(in blue) and iron yoke (in gray) is shown in Figure 1. The figure
also includes the HPGe detector array and some of the non-
invasive diagnostic tools comprising the advanced multi-
diagnostic system (i.e., optical, X-ray, interfero-polarimetry,
RF probe and pin-hole camera) that will surround the
plasma trap.

3 The experimental approach

The experimental method is based on the possibility of
maintaining a dynamical equilibrium between the quantity of
atoms injected into the trap and the losses due to the
intrinsically imperfect magnetic confinement, in order to
stable (thus, the
concentration of decaying nuclei in the trap) for a long

keep density and temperature
period of time, extending up to months. The experimental

procedure includes the following five steps:

1. A buffer plasma is created from He, O, or Ar up to a density
of 10" cm™.

2. The isotope is flushed directly (if gaseous) or vaporized by
proper ovens [13] (if metallic) and then fluxed into the
chamber to be transformed into a plasma state. Relative
abundances of buffer versus isotope densities reach a ratio
up to 100:1 (if the isotope is in metal state) or 3:1 (in the
case of gaseous elements).

(SN

. The plasma is maintained in MHD equilibrium by equalizing
the input fluxes of particles to the losses.

4. While the isotopes decay, the plasma-confined daughter

nuclei emit y-rays of hundreds of keV, which are detected

by a HPGe detector array surrounding the magnetic trap.

9]

. Radioactivity measured in plasma can be directly correlated
to plasma density and temperature, monitored by an
innovative non-invasive multi-diagnostics setup.

dN

The number of decays per unit time % can be written as:
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d
aN _ A(n, f(e)mV ).

dt ()

where A is the isotope activity, f(e) is the electron energy
distribution function, n is the electron density, n; is the
plasma ion density of the isotope, and V), is the plasma volume.

Since the ECR plasma confined in the magnetic minimum-B
configuration will be kept in dynamical equilibrium [14, 17], the
term A(n, fle)) n;V, is constant over time and Equation (1) can be
easily integrated. Therefore, the total amount of decays detectable
via y-ray tagging can be determined according to the following

formula:
tmeas dN(t) B tmeas
L i = IO A, £ (€))mV pdt, @)
N(tmeus) = A(nxf(e))nivptmeus (3)

where f,,.,s is the overall measurement time during which the
y-rays emitted in the decay of the excited states of the decay
products are measured by the HPGe detector array.

Equation (3) implies that the number of expected decays
scales linearly with respect to the measurement time #,,,.,,. Since
the plasma parameters can be kept constant over time, the
proportionality is due to the nuclear decay constant only,
which is, in turn, a function of the plasma density and energy
distribution: A(n, f(€)). The core issue is, therefore, to univocally
determine 7 and f(e€), inherently fixing the CSD, to be correlated
with the y counting rate. In fact, any physical condition
(combination of density and temperature) in non-LTE (non-
local thermal equilibrium) determines a certain CSD (charge
state distribution) of the ions in plasma, similarly to what
happens in the stars” interiors (where, however, the plasma is
in LTE equilibrium).

In particular, Equation (3) implies that the plasma density
and volume must be known and monitored online all along
the measurement to deconvolve A (it is worth noting that n=n
(%, y, 2)). Their spatial dependence can be determined from
spectrally resolved X-ray imaging [18, 19] and through other
non-invasive diagnostic tools, such as microwave diagnostics
(20, 21]. More generally, it is possible to monitor and measure
online all plasma parameters and thermodynamical properties
by means of the multi-diagnostics system made of a tens of
non-invasive diagnostic tools [10] in order to verify that the
parameters are constant over the time within the typical
sensitivity range of measurement [1].

Moreover, the monitoring of the isotope evaporation can be
performed by means of numerous diagnostic systems [22], that is, the
QCM (quartz crystal microbalance) which is able to measure the
mass of isotope that has been deposited on the surface of a quartz
crystal exposed to the vapors in the vacuum chamber, thermocouples
that are used to measure the temperature at various points on the
oven and keep it at the required temperature, and thermal camera
which is an infrared-sensitive camera that allows an image of the
temperature of the various parts of the oven. On the other hand, the
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monitoring of losses can be performed by means of advanced analysis
methods and non-invasive multi-diagnostics tools, which allow
unprecedented investigations of magnetoplasma properties [10].
The high resolution spatially resolved soft X-ray spectroscopy by
means a X-ray pin-hole camera setup represents a very powerful
method to perform plasma structure evaluation and valuable studies
on the dynamics of losses [23]. It is, in fact, possible to perform energy
filtering analysis and online monitoring of the losses versus the
plasma emission, by distinguishing online fluorescence lines
(produced by the electrons escaping the trap and impinging on
the metal surfaces) of each material of the plasma chamber from the
ones coming from the plasma (due to the fluorescence of confined
ions).

The performances of the setup were evaluated through a set of
realistic simulations performed using Geant4. This approach allowed
us to estimate the array detection efficiency and the feasibility of the
experiments on the three physics cases identified for the first
PANDORA experimental campaign, which are reported as follows:

o Lu: T% =3.78 - 10% years, E, = 202.88 & 306.78 keV;
« *Nb: Ty = 2.03 - 10" years, E, = 702.65 keV;
o PCs: Ty = 2.06 years, E, = 795.86 keV.

From a list of tens of radioisotopes of strong astrophysical
interest, the choice of the three physical cases for the first series of
PANDORA measurements was based on: 1) the scientific
relevance, 2) the expected effects on the lifetime due to the
ion CSD or ion temperature, 3) the type of element (gas, metal,
rare isotope, commercial or not), and 4) selecting the isotopes
whose daughter nuclei emit y-rays, the identification of the decay
products being based on the detection of y-rays.

Only isotopes whose daughter nuclei emit y-rays at energies
higher than 200 keV have been selected; lower energy y-rays
would, in fact, be overwhelmed by the high-intensity background
self-emitted by the plasma, which represents the main source of
the background for the measurements, strongly affecting the
signal-to-background ratio.

An example of the background spectrum, due to plasma self-
emission at n = 10"* cm™ having a V,, = 1500 cm?, is shown in
Figure 2. It was evaluated starting from measurements on
existing traps and rescaling them to higher densities and
volumes according to an emissivity model [24].

The spectrum shows the high emission rate of radiation
emitted from the whole plasma volume. Due to this high
intensity, each HPGe detector will undergo a rate of few tens
of kHz and dedicated electronics are needed to work in such a

harsh environment.

4 Geant4 simulations

Numerical simulations focused on the design of the y-ray
detector array were performed in Geant4 to study the best
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FIGURE 2

Example of the rate of plasma self-emission in the whole volume as a function of the energy of the radiation (the width of the bin in the x axis

corresponds to 10 eV)

FIGURE 3

Sketch of the stainless steel plasma chamber including the

12 radial and two axial holes to be used for the detection of the y-
rays; quotations of hole displacement along the lateral chamber
walls are shown

configuration achievable in terms of the total number, type of
detectors, and their optimal distribution around the trap,
including collimation systems and shielding.

In the following Sections 4.1 and 4.2, the setup design in
Geant4 and the total efficiency estimation of the whole system
are, respectively, shown. In addition, the sensitivity of the
PANDORA experiment was also specifically checked by
exploring the measurability of isotopes lifetimes in a virtual
the
Preliminary results demonstrating the feasibility of the

experiment for physical cases mentioned earlier.

experiment are shown in Section 5.

4.1 Design of the PANDORA setup

The trap geometrical design was implemented in

Geant4 using the PANDORA magnetic design described in
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[13], with the same materials and dimensions of each
component. The final design consists of:

o A stainless steel chamber with an external radius of
150 mm, a length of 700 mm, and a thickness of 10 mm.
The chamber has 14 holes with a diameter of 40 mm,
aligned with the cryostat line of sight for the detection of y-
rays. A total of 12 azimuthal holes placed along four rings,
symmetrically placed at 6 and 12 cm with respect to the
center of the chamber were simulated (Figure 3). Three
holes at 120° were made for each ring, building a
symmetrical geometric configuration with respect to the
center of the chamber. Two axial holes (injection and
extraction) with a diameter of 40 mm have been added
to the entrance and exit endplate of the chamber. Each hole
has an aluminum window with a thickness of 3 mm and a
diameter of 40 mm.

o An overall magnetic system, shown in Figure 4A, is made of
three NbTi superconducting coils (in yellow) and a NbTi
superconducting hexapole (in red). The inner and outer
radii of the coils (for the injection, the middle, the
extraction coil) and of the hexapole superconductor are
summarized in table 1.

o A single cryostat, containing the three coils and the
hexapole magnet, was simulated as a cylindrical

aluminum structure (shown as pink color in Figure 4B)

surrounding the entire magnetic system and distant 30 mm

from both ends of the hexapole (along the axis). Holes were

created in the cryostat structure—along the interspaces of
the conductor hexapole—in order to use it as a multi-
collimator and to suppress as much as possible the photon
flux coming from the walls and not directly from the
plasma core, improving the signal-to-background ratio.
A total of 14 holes were created in the cryostat structure:
two tilted axial conical holes and 12 radial ones having a

lower diameter of 40 mm, properly aligned with 14 holes
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r=33 cm
~/ .
Conical radial holes
FIGURE 4

(A) Plasma chamber surrounded by superconducting coils (yellow) and hexapole (red); (B) magnetic system surrounded by the cryostat

structure (pink) in which tapered holes used as lines of sight for gamma-ray detection are shown; (C) ARMCO” iron yoke (blue)

magnetic plasma trap.

TABLE 1 Geometry of the PANDORA trap showing for each
component: the inner radius (R)), the outer radius (Ro), and the
length or width (L/W).

R; (mm) Ro (mm) W/L (mm)
Plasma chamber 140 150 700
Injection coil 225 300 44
Middle coil 225 253 46
Extraction coil 225 300 44
Hexapole conductor 165 212 ~ 900
Cryostat 150.5 330 ~ 950
Iron yoke 500 525 ~ 1050

created in the plasma chamber. Conical holes point to the
center of the plasma chamber and pairs opposite to the
center are collinear.

+ The magnetic trap is surrounded by an ARMCO® iron yoke,
distant 150 mm from the ends of the hexapole (along the
axis), 200 mm distant from the outer radius of the injection
and extraction axial coils, having a thickness of 25 mm. The
iron yoke is shown as blue color in Figure 4C. The iron
yoke exhibits the same number of holes (88 mm in
diameter) along the cone of view of the 14 collimators.
At the end of each collimator was placed a quartz window
with a thickness of 3mm and a diameter of 88 mm
(yellow);

o An array of 14 y-ray detectors (two placed axially and
12 radially). Each detector was placed collinearly at each
collimator (Figure 5A). The HPGe detectors [25] have a
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surrounding the

length of 82mm and a radius of 38 mm and are
surrounded by a 1 mm thick layer of Al (Figure 5B).
The Al cylinder is shown in transparent pink, while the
active part of the detector is colored cyan inside of it.

The position and orientation of the collimators and y-ray
detectors have been chosen so as to avoid, within the field of view,
the magnetic branch regions where the background due to
intense bremsstrahlung X-ray emission (caused by axial and
radial losses impinging on the plasma chamber walls) is
expected to be more intense. Figure 6 shows 3D views of the
detector array surrounding the trap: each pair of HPGe has been
placed outside the regions where the magnetic field lines are more
intense and intercept the plasma chamber walls.

4.2 Evaluation of the array efficiency

The first aim of the simulations was to estimate the total
detection efficiency needed to evaluate the feasibility of the
experiment using yp-rays and to choose the type of detector
giving the best performances in terms of efficiency and energy
resolution. Two different types of detectors were compared in the
simulations: the hyper-pure germanium (HPGe) and the
(LaBr3).

performed considering the emission from an

lanthanum  bromide Initial ~simulations were
isotropic
point-like source; once the best detector type was determined,
a complete characterization was performed in terms of the
position of the detectors and of the collimation system

(including the size and shape of the holes) assuming the
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Al cup

Length=240 mm
Radius,,;;=38 mm
Radius,,,=43.4 mm

HPGe crystal Thikness=1 mm
Length=82 mm

Radius,;,=33.55 mm
Radi 8 mm

ax
Vacuum hole radius=5 mm

FIGURE 5

(A) Final design of the PANDORA trap with the magnetic system (coils, hexapole, cryostat, and iron yoke) and the array of detectors placed
collinearly at each collimator as implemented in Geant4. (B) Details of the HPGe array show the dimensions of the detectors (crystal + Al cup) used in
the simulations.

B field module vector plot
at the cut 2=-100 mm

Trap view at the cut z=0, Trap view at the cut z=0,
positive z axis view negative z axis view

FIGURE 6

Sketch of the detector positions (B) compared to B field lines distribution. Two cut views are shown in (A) for z = 100 mm and in (C) for

z = -100 mm. Each pair of HPGe (shown in the lower panels A and C) has been placed outside the regions where the magnetic field lines are more
intense (shown on upper panels A and C).

emission from an isotropic ellipsoidal source whose size of the plasma chamber [26]. The detection efficiency of the array
corresponds to the plasma volume in the PANDORA trap. to y-rays of different energies was simulated by changing the
energy of the source in the range from 100 keV to 2 MeV. The

4.2.1 Array efficiency: HPGe vs LaBrz detectors results, which take into account geometrical and photopeak
for a point-like source efficiency, are shown in Figure 7A for an array of 14 HPGe
As a first step, simulations were performed considering the detectors (blue symbols) and for an array of 14 LaBr; (red
emission from an isotropic point-like source placed in the center symbols), using the same detector sizes. Since for the purposes
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of the PANDORA project, the main goal is to detect only the
characteristic y-rays emitted by daughter nuclei following the -
decay process which populates the lowest excited states of the
daughter nuclei, the expected experimental multiplicity is one
and no coincidence analysis is needed. Thus, the plot was
obtained with multiplicity one, one energy after the other.
The efficiency for the two types of the detector is very similar
and of the order of few per mille.

However, the main difference between the two types of
detectors is the energy resolution. The typical resolution as a
function of the energy of the incident y-ray [27] is shown in
Figure 7B for the HPGe (blue symbols) [28] and LaBr; (red
symbols) [29] detectors, respectively. They differ more than one
order of the magnitude, and this strongly affects the signal-to-
background ratio.

Starting from the typical background spectrum due to plasma
self-emission shown in Figure 2, it has been possible, once the
total efficiency of the system has been determined, to evaluate the
background rate that would be measured by the PANDORA
setup. Such a rate was compared to the rate of the y-rays emitted
from the daughter nuclei after the $-decay and detected in the
array. A comparison of the performances between the HPGe
detector array and the LaBr; detector array was performed to
evaluate the time needed to achieve a 30 significance. We
considered, as an example, a signal of 0.25 cps in plasma
(counts per second) in the multi detector array at a given
energy (which is a value of rate corresponding to a variation
of the mean lifetime of '7°Lu of about six orders of magnitude, as
the
of the plasma that will be

expected by the theoretical models according to
thermodynamic properties
generated in PANDORA, section 5). The adopted procedure
was to integrate the background spectrum in the energy window
corresponding to the intrinsic detector resolution. The error over
this background was taken as the square-root of counts in the

energy resolution window, while the counts due to the real decays
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occurring in the plasma were summed up linearly with time. The
procedure was repeated for different run durations spanning a
time window up to 107 s.

Figure 8A shows the trend of the signal counts (in black) and
of the three times the background level (in blue for HPGe, in red
for LaBr3), in order to see where and when the cross-over point
between the two curves occurs. The intersection of the two lines
indicates the point where the signal exceeds the 30 background
level and the corresponding abscissa indicates the measurement
time needed to have a 30 significance. The comparison shows
that after about several days it is possible to obtain a 3¢
significance using the HPGe detector array (as shown in
Figure 8A), while using a LaBr; detector array the time
needed is much longer, the measurement is very challenging
or, eventually, not-feasible, depending on the physics case
investigated.

A similar plot (Figure 8B) was performed to evaluate the
measurement time needed to have only a 1o significance. In this
case, the LaBr; detector array could allow to reach this
significance in about 2 months, drastically higher than what is
required using the HPGe detector array.

Due to the strong difference observed in the performances of
the arrays, we have decided to use the high performance HPGe
detector array in PANDORA. Therefore, in the following
sections, we will discuss the performances of an array based
on HPGe detector.

4.2.2 Characterizations of collimator-hole
position using an ellipsoidal source

As a following step, in order to realistically reproduce the
experimental  conditions, simulations were performed
considering an isotropic ellipsoidal source placed around the
center of the plasma chamber, having semi-axis lengths of
79 mm, 79 mm and 56 mm, respectively, for the x, y, and z

axis (corresponding to the plasma volume and shape provided by
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correspond to simulations performed using different hole sizes for collimators. (B) Same as A but in this case the effect of different angles of

inclination of the conical holes was investigated.

the magnetic field profiles in the PANDORA plasma trap).
Similarly to what was previously performed for the point-like
source, the y-ray energy range explored extends from 100 keV to
2 MeV. For the evaluation of the background due to plasma self-
emission, we considered a density of n = 10"* cm ™, and a volume
0f 1,500 cm’. The trend of the array efficiency as a function of the
incident y-ray energy is shown in Figure 9A (in blue) assuming
14 HPGe detectors. The comparison between the results shown
in Figure 7A indicates that the efficiency in the case of the
ellipsoidal source is a factor of 2.5 lower than that of a point-like
source for the lowest energies, while the difference reduces to
about a factor of 1.5 for higher energies.

Further simulations were performed to investigate the effect
due to the position and size of the collimator holes. The values
shown in Section 4.1 are, in fact, the outcome of this study. In
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particular, the effects due to the reduction of conical holes and to
the different choices of inclination angle (with respect to the y
vertical axis) and position were investigated. The purpose of this
characterization was also to define a tolerance range for each
parameter, taking into account the technical limitations that can
arise in the design study of the magnetic trap (e.g., mechanical
constraints imposing a certain angle for the conically shaped
holes). The simulated efficiency plots associated with four
different diameters ¢, ~ are shown in Figure 9A. At
300 keV (i.e., close to the energy of the emitted y-ray for the
physic case of "7°Lu), the efficiency changes by a factor of two
from the largest to the smallest diameter.

The effect related to three different choices of the inclination
angle of the collimators is instead shown in Figure 9B. It shows
that the overall average change in efficiency at the three
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representative couple of angles chosen is less than 20%, somehow
relaxing any requirement from this point of view.

The results of the simulations suggested that the best
compromise between detection efficiency and mechanical
constraints for the HPGe array is to build a collimation
system with holes having a diameter of 40 mm and placed at
a relative inclination corresponding to a first angle of 6, = 21.8 (it
corresponds to a distance of 60 mm from the y-axis, along the
plasma chamber external surface) and a second angle of 6, = 38.7°
(corresponding to a distance of 120 mm from the y-axis, along
the plasma chamber external surface), as shown in Figure 4C.
This choice guarantees greater flexibility and tolerance for the
realization of the plasma trap.

Moreover, numerical simulations finalized to investigate the
distribution of the various electrons’ population, with special
attention to the warm component on which depends the
obtained ions’ CSD, allowed to benchmark the choice of the
specific orientation of the 14 HPGe detectors. The recent results
[30] demonstrated that the cones of view perfectly intercept the
warm electrons spatial distribution. Thus, they will point exactly
where most of the ionizations will take place, increasing the
detection sensitivity to variations of the in-plasma charge state
distribution.

5 Simulations of virtual experimental
runs

Once the overall diagnostics tools, as well as the HPGe
detector array, have been defined, the setup was tested in a
simulated experiment to assess the feasibility and sensitivity of
the method to be adopted for the different isotopes of interest.
Different theoretical predictions about lifetime dependence on
the temperature [31] were used to evaluate the feasibility of the
measurements—estimating the run duration to get statistically
meaningful results in terms of significance. It was also possible to
demonstrate that future PANDORA measurements will have the
adequate sensitivity to discriminate between different sets of
theoretical predictions of the expected variation of the mean
lifetime (i.e. [32]) and to eventually better fit the data of
nucleosynthesis which disagrees with the current decay rate
predictions (i.e, in [33] one needs to assume that the
temperature dependence of the decay rate for *'Cs is less
steep than that suggested by [31] by around a factor eight to
level the production of '**Ba and "**Ba according to the model).

In order to estimate the measurement time needed to reach
the 30 significance taking into account different lifetimes, that is,
different rates in the detector array, we made dedicated plots
showing the total counts and the expected significance (starting
from the decay rate (or the lifetime) of the radionuclide) as a
function of the measurement time for the first three physics cases
(section 3) selected for the PANDORA phase-1.
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Figure 10 shows the simulation result for the physical case of
7Lu. The first (from the left) green vertical axis reports a
decreasing lifetime expressed in years, starting from the
lifetime of the neutral isotope (5.45-10'" years) to the values of
lifetimes predicted by the theory and that are reachable in our
plasma trap. The expected collapse of the lifetime as theoretically
evaluated is about six order of magnitude for the case of ""°Lu (at
a plasma temperature of about 10 keV) [31].

Considering these lifetimes, the effective activity in the
plasma (expressed in cps)—assuming a plasma of 1,500 cm’ in
volume with a relative concentration of 1% of Lu with respect to
the buffer density (10" ions/cm?®)—can be estimated and is
shown on the blue vertical axis. Finally, including the
efficiency of the HPGe detector array estimated by the
aforementioned Geant4 simulations, we evaluated the
counting rate of the detector array shown in the third, black
vertical axis. The x-axis indicates the measurement time. Pseudo-
colors give the total number of counts at the peak of interest
(i.e., the number of y-rays emitted by Hf at E, = 306.78 keV). As
performed in the data analysis shown in Figure 8, also in this case,
the error on the background was estimated as the square-root of
counts in the same energy window used to integrate the y-peak of
interest (306.78 keV), while the counts due to the real decays
occurring in the plasma grow up linearly with time. The
condition that the signal overcomes the 30 background level
defines the measurement time needed to have a 3¢ significance.
Black dashed lines shown in the plot in Figure 10 represent iso-
significance contours at each given combination of expected
activity and measurement time. In particular, several
significances in the range 1o-70¢ are labeled in the plot and the
black region is such that the significance is worse than 1lo.

The feasibility of the measurement, depending on the
relevance of lifetime decrease, is deemed to last from a day
(in the case of six orders of magnitude collapse) up to 3 months
(as shown in Figure 10). Assuming, for example, a variation of the
lifetime of six orders of magnitude (corresponding to a rate of y-
rays in the multi-detectors array of 0.4 cps), about 15h are
necessary to obtain the 3¢ significance, while about 1 h is enough
to reach the 1o significance. For a smaller variation of the lifetime
(e.g., of five orders of magnitude, rate ~ 0.05), it should take up to
3 months to reach the 3¢ significance. Moreover, in the present
calculations, only one-peak of y-rays for each radionuclide has
been considered, while in the reality we can take profit of a
further y-ray with an energy of 202.88 keV emitted in the decay
process, which will improve the significance within shorter
acquisition times.

Similar plots for '**Cs and **Nb were also performed. Due to
their shorter lifetime, the needed quantities of these two nuclides
are much smaller than the one for the "°Lu. For example, a
density of 10° cm™ of **Cs ions should be sufficient to get 30
significance already after 7-11 h, at the expected in-plasma
lifetime. The significance plot for '**Cs is shown in Figure 11.
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Total counts of gamma-rays emitted (pseudo-colors scale) and iso-significance contours (dashed lines) for different Y°Lu isotope lifetimes
(green vertical axis) as a function of the measurement lifetime. Blue and black vertical scales show the predicted decay rate in plasma and the
counting rate measured in the array associated to the different isotope lifetime.
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Total counts of gamma-rays emitted (pseudo-colors scale) and iso-significance contours (dashed lines) for different ***Cs isotope lifetimes
(green vertical axis) as a function of the measurement lifetime. Blue and black vertical scales show the predicted decay rate in plasma and the
counting rate measured in the array associated to the different isotope lifetime.

The green vertical axis reports on the lifetime expressed in
years, starting from the mean lifetime of the neutral isotope
(2.97 years) to the values of lifetimes predicted by the theory; the
expected collapse of the lifetime as theoretically evaluated in [31]
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is about two orders of magnitude at around 20 keV, about one
order of magnitude at around 10 keV while no variations are
expected for values lower than 5 keV. Considering the trend of
lifetime as a function of temperature as depicted in Figure 11, the
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effective activity in the plasma (expressed in cps)—assuming an
ellipsoidal plasma of 1,500 cm® in the volume with a relative
concentration of 0.00001% of **Cs with respect to the buffer
density (10" ions/cm®)—is shown in the blue vertical axis and,
taking the by
Geant4 simulation, we obtained the counting rate expected in

into  account efficiency  estimated
the y detector array (black vertical axis).
Assuming, for example, a variation of the lifetime of an order

of magnitude (counting rate of HPGe array of 0.14 cps), about 5 h
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are necessary to obtain the 3¢ significance, while about 2 h are
enough to reach the 20 significance.

A similar plot for the **Nb was performed (Figure 12). In this
case, the expected collapse of the lifetime as theoretically
evaluated in [31] is about five orders of magnitude (at around
10 keV). We assumed an ellipsoidal plasma of 1,500 cm® in the
volume with a concentration of 0.0001%. Also, in this case;
several significance contours in the range 20-300 are shown.
Assuming a variation of the lifetime of four orders of magnitude
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(A) Counting rate in HPGe detector array as a function of gamma-ray energy. Red area corresponds to photopeak events while the black one is
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materials. (C) Shield effects on the background spectrum (log scale). The black dashed line corresponds to the rate in an unshielded array while blue
and red ones show the suppression effect due to lead or lead and cadmium shields, respectively.

(corresponding to a rate of y-rays in the multi-detectors array of
0.18 cps) about 20 h is necessary to obtain the 30 significance.

Finally, in the plots shown in Figure 13, the iso-significance
curves at 30 and 50 were reported (in the log-log scale) for the
3Cs (Figure 13A) and **Nb (Figure 13B) cases, respectively. The
results suggested that for the **Nb case, it will be possible to
obtain the 3¢ significance in a reasonable measurement time
(within 3 months) only if the mean lifetime was at least three
orders of magnitude shorter than the mean lifetime of the neutral
isotope.

Regardless of the experimental result, it will put important
constraints on theoretical model predictions. The possibility to
discriminate among different models will depend on the
uncertainties which will affect the lifetime measurement. The
in-plasma A can be, in fact, estimated by Equation (3) with an
uncertainty of around 28% (considering error propagation). We
have considered the following relative uncertainties for the
parameters that will be measured: 4 ~ 0.3% (30 significance
measurement), d7V ~ 15% (the error in estimating the radius is
around 5% [23]), and % ~25% (the plasma density can be
measured by the interfero-polarimentric tool [20] or by
optical [34, 35] and X-ray [24, 36]) spectroscopy and also by
means of a novel numerical tool that has been developed for
analyzing spatially anisotropic electron populations in ECR
plasmas [37]. It is worth noticing that new techniques and
advanced algorithm of analysis which we are developing could
allow to further reducing the aforementioned uncertainties,
improving the performances of the measurement.

6 Perspectives: The background
suppression investigation

Investigations about the background suppression have been
performed in order to increase the signal-to-background ratio, to
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reduce the very high rate due to the intense plasma self-emission,
and to improve the working conditions of the HPGe detectors.
For this purpose, we started to perform simulations in
Geant4 considering the background contribution emitted from
the plasma, in order to estimate the thickness of different kinds of
absorbers to be used to shield detectors and the amount of
Compton scattering due to absorber layers.

Preliminary simulations have been performed, assuming the
emission from an isotropic point-like source placed in the center
of the plasma chamber, with the an energy distribution as the
typical background spectrum due to a plasma self-emission at n =
10" cm™ and with a volume of 1,500 cm® (Figure 2).

Figure 14A shows the comparison of the spectra including
only events depositing the entire energy in the detector (indicated
as photopeak counts) and the spectrum of all detected events.
The difference in the yield is of the order of 10% and supports the
previous estimate of the background contribution to the detected
y-ray spectrum.

In order to reduce the intense rate in the detectors due to
plasma emission up to 250 keV, but at the same time reach a
good transmission at 306 keV, a specific shield will be used.
Some preliminary considerations have been performed,
comparing the transmission trends (NIST database [38]) of
different thicknesses of lead with an additional shield of Cd or
Cu, in order to fully suppress the contribution of plasma self-
emission to the background up to 100 keV (also the radiation
due to the lead K-edge). In Figure 14B, the transmission trends
of different materials are shown as a function of the y-ray
energy. In our specific case, due to the background spectral
shape, a shield made of 1 mm of Pb or 1 mm of Pb + 1 mm of
Cd could be effective to significantly reduce the background. A
preliminary evaluation of the two different shields on the
background spectrum is shown in Figure 14C. The
background below 200 keV decreases significantly when the
shield is included. In perspective, simulations will be
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performed aimed at characterizing the system in order to have
the best compromise between the increase in the signal-to-
background ratio and the overall reduction of the background.

7 Advanced front-end electronics and
acquisition system for operation at
high background rate

The y-ray hyper-pure Ge (HPGe) detector system of
PANDORA has been developed to work under the particular
conditions mentioned earlier as described in detail in [25, 39].

All the HPGe electronics chains are based on a custom R&D
carried out in the framework of AGATA [40] and GALILEO [25]
projects, to run HPGe detectors at high counting rates with the
best y-energy resolution.

Particular attention has been paid to the design of new pre-
amplifiers which were modified and tested up to a rate of 60 kHz
using different y-ray sources, for simulating the typical low-
energy background. The results already shown in [25, 39],
indicate that HPGe
significative worsening at higher background rates, with a

detectors resolution did not show
maximum y-energy resolution value measured of about 3 keV.

To assure a high level of reliability and maintainability for
running without interruptions over long-lasting measurements,
the front and back-end electronics for PANDORA is now based
on custom-made electronics, developed and adapted with the use
of commercially high performance readout modules.

Finally, the HPGe detectors support infrastructure, including
LV power supply, HV and the automatic HPGe cooling system
has been designed to guarantee the best running conditions for
the HPGe detectors and to maintain stable their performances (in
terms of y-energy resolution), during the long runs foreseen in
PANDORA experiments. Of course, this system integrates the
slow-control software to manage and monitor detector operation
parameters, such as HV and temperature over time.

Furthermore, we want to explicitly mention that the numbers
quoted in the study were currently obtained assuming negligible
dead time, and further investigations are ongoing to evaluate its

contribution mainly on the measurement time.

8 Conclusion

In this work, the numerical simulations performed in
Geant4 focused on the design of the array of y-ray detectors for
the PANDORA project were presented. The best configuration in
terms of the total number, type of detectors, and their optimal
displacement around the trap, including collimation systems and
shielding was investigated, modeling the response of the array and
estimating the total efficiency for each configuration. The final
detection system consists of an array of 14 HPGe detectors
whose total photopeak efficiency is between 0.1 and 0.2%. The
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sensitivity of the PANDORA experiment was specifically checked in
simulated experimental runs by exploring the feasibility of
measuring the decay rates in terms of 3¢ significance for the
three physical cases of PANDORA. The run duration needed to
get statistically meaningful results was determined. Expected
measurement time, needed for at least 3¢ significance, range
from few hours (for **Cs) to 70-80 days (for '"°Lu, which is the
most challenging case in PANDORA).
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