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Simulating Positron to Positronium Conversion
in Nanostructured Materials
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Silicon-based nanochanneled converters for the production of cold positronium (Ps) have been introduced in
2010 and since then provided a reliable source of cold Ps to a variety of experiments. With the goal of advancing
the optimization of such converters, we have formulated a classical model to describe the production and cooling
of Ps in nanochanneled converters. The simulation of this process poses several challenges due to the complexity
of the geometry in which it takes place. We will here briefly give an overview of our model and discuss several
simplifications of the simulation process which, without altering significantly the simulation results, reduce the
computational costs enough to allow for systematic scans of the nanochanneled converter construction parameter
space.
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1. Introduction

A variety of modern scientific endeavors benefit from
the availability of an abundant source of slow Ps; their
number includes spectroscopy experiments [1, 2], gravity
experiments using excited Ps [3] or antihydrogen pro-
duced by charge exchange [4], and the production of a
Bose–Einstein condensate of Ps atoms [5, 6].

An abundant source of cold Ps can be provided
by silica-coated silicon nanochanneled plates (NCPs).
In recent years, NCPs have been the workhorse of
spectroscopy experiments on Ps atoms carried out at
AEgIS [7–11]. The performance of the NCPs and the
characteristics of the Ps cloud they generate had been al-
ready characterized experimentally [12–14], but only very
recently we were able to provide a quantitative model
of the inner working of the NCPs capable of predicting
correctly the experimental results in most experimental
settings [15–17]. In this contribution, we will provide
a quick overview of this model and as we do so we will
detail a few of the strategies that have allowed to stream-
line what would otherwise have been an overwhelmingly
demanding simulation.

2. Geometric model

We begin formulating our model of NCP converters
by providing a geometric description of their nanoscopic
structure. We devised a model of a single NCP channel
as the union of the volumes of a fixed number of ge-
ometric shapes, specifically, truncated cones positioned
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Fig. 1. From the left to the right, four examples of
channels generated with our model: the leftmost chan-
nel was generated using exaggerated parameters for its
radius and its tortuousness, as we progress towards the
right the parameters are moved closer to realistic val-
ues with the last channel being an example of a realistic
channel. The box on the right is a cutout of a NCP
similar to those employed in our simulations, rendered
with a translucent shader, the channel density is so high
that single channels are barely distinguishable. A de-
tailed description of the construction parameters of our
geometric model and their function has been given else-
where [15, 16].

end-to-end and joined by spheres. The orientation and
size of the constituent geometric elements of each chan-
nel are generated procedurally with a pseudo-random
number generator. The probability distributions used
to draw the size and position of the channel components
are parametrized, and the parameters describing them
are chosen as to mimic the expected structure of the
NCP [15, 17]. The four leftmost items in Fig. 1 are ex-
amples of channels produced by our model with different
settings for the generation parameters.
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We have then defined the geometric model of an NCP
as an (infinite) half-space, from the surface of which are
branching inside a number of channels per unit of sur-
face equal to expected density of channels in a real NCP.
In a typical NCP the length of the channels can reach
2 µm and their density can exceed 3× 1016/m2. An ade-
quate description of a single channel requires at least 16
primitives (8 spheres and 8 truncated cones). As tens of
thousands of channels populate the region of the NCP
being traversed by a particle, the number of geometric
primitives that are involved in the simulation of the evo-
lution of a single e+/Ps inside the NCP can easily reach
hundreds of thousands [15, 17]. The rightmost item of
Fig. 1 shows a graphical representation of a small por-
tion of such structure generated with typical parameters.
In order to tame the complexity of such geometry, we
eschew the use of triangle meshes and instead opted for
analytical methods to compute the intersection of e+/Ps
trajectories with the surface of the channels [17]. Even so,
it is still paramount to partition a large NCP in smaller
and simpler fragments, pre-compute the bounding boxes
of the geometric primitives employed, and organize them
in octree structures. This allows to drastically limit the
amount of objects to be considered each time that the
trajectory of an e+/Ps has to be re-computed, which
happens after every discrete interaction of the particle
with the solid medium.

3. Implantation

Employing the technical methods listed in the previ-
ous section, it is possible to compute the implantation
profiles of e+ in NCPs without having to resort to su-
percomputers [16]. We modeled the interaction between
high energy (> 100 eV) e+ and silicon based on the Pene-
lope model as included in Geant4. When the e+ kinetic
energy decreases below 100 eV we switch to an effective
interaction up until they reach a kinetic energy of 1 eV
and their implantation can be considered concluded.

An important question is whether it is necessary to
consider the entirety of the NCP structure to compute
the correct implantation profile. Our tests show that
this is the case only when the energy of the impinging e+
results in an average implantation depth which is com-
parable with the diameter of the channels (up to ≈ 10
times their diameter, that is ≈ 3 keV) [15, 16]. When
higher implantation energies are employed it is possible
to use less computationally intensive geometries, such as
spherical porous structures, to predict to extremely high
accuracy the correct implantation profile [16]. In this
case the size and density of the pores will have to be cho-
sen as to mimic the fraction of empty space found within
the NCP structure. Alternatively, it is possible to employ
a solid material filling an half-space and whose density
in the interaction model in proximity of the surface has
been reduced in proportion to the average void volume
present at a given depth. This model is computation-
ally inexpensive but produces a shape of the implantation

Fig. 2. Implantation profile for a 7 keV e+ beam im-
pinging on a silicon nanochanneled plate, porous silicon
with the same amount of empty space and a model of sil-
icon in which the material density has been reduced pro-
portionally to the amount of empty space in the NCP.
It can be seen how the porous material is an excellent
substitute for the full NCP model, whereas the reduced
density model gives a good, but less precise, approxima-
tion of the implantation profile.

profile that is slightly distorted compared to a simulation
performed with nanochannels or spherical pores [16]. In
Fig. 2 we compare the implantation profile obtained with
an e+ beam at 7 eV according to three models: the one
describing the entire NCP geometry, the one based on
the porous model, and the one obtained by rescaling the
density of the solid material.

4. Conversion

The e+ implanted inside the NCP thermalize and dif-
fuse in the bulk of the material until they either annihi-
late or they reach the silica-coated surface of a nanochan-
nel. In the latter case, circa 40% of the e+ are converted
into Ps [17].

The diffusion of the e+ can be simulated with the
Monte Carlo method as a random walk. In the NCPs
employed in our experiments the forest of nanochannels
is dense enough to capture quickly all of the e+ that dif-
fuse within the thick of it; therefore the depth at which
the Ps is generated is, in the region comprised between
the surface and the end of the channels, distributed sim-
ilarly to the implantation profile. The porous geometry
mentioned in Sect. 3 is able to correctly reproduce the
distribution of the depth at which Ps is generated [17]
as long as the implantation energy is, as in Sect. 3, high
enough. An even coarser approximation can be obtained
by skipping the diffusion process of the e+ in the mate-
rial. In this case, however, the implantation profile has
to be truncated at a depth equal to the length of the
channels and the contribution provided by the e+ im-
planted more deeply will have to be estimated with a dif-
fusive process [18] and added to the Ps generation profile.
In Fig. 3 examples of the profiles that are obtained with
the three different approximations are shown.
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Fig. 3. Depth distribution of the Ps production sites
for a 7 keV e+ beam impinging on an NCP, its approx-
imation computed on the porous model employed al-
ready in Fig. 2 and, for comparison, the implantation
depth profile at the same energy. We can see that at
the presented implantation energies the three profiles
are extremely close to one another. For implantation
energies below 3 keV both approximations will start to
break down as the exact geometry of the converter be-
gins to play a major role in determining the outcome
of the computation. For implantation energies greater
than 10 keV the implantation depth profile will show a
tail that in the production depth distribution is cut due
to the finite length of the channels.

5. Cooling

We have formulated a classical model for the trans-
port and cooling of Ps inside of the NCP channels [17],
approach that applies to NCPs whose channels are nei-
ther extremely cold nor extremely thin [19]. In our model
we describe the bouncing of Ps against the walls of the
channel as an elastic scattering process having an angu-
lar cross-section which is independent of the Ps kinetic
energy and an energy exchange derived from a modified
version of Sauder’s model for Ps cooling in gas modera-
tors [20, 17]. The fact that the angular cross-section is
independent of the Ps energy allows to split the simula-
tion effort in three phases:

1. Firstly, we determine the number of Ps–wall inter-
actions that are needed to exit the nanochannels,
assuming an infinitely-lived Ps. Specifically, we
compute the discrete probability distribution S(n)
that a Ps atom will escape the nanochannel forest
after having interacted exactly n times. This con-
stitutes the most computationally heavy part of the
simulation.

2. The second part consists of simulating the evolution
Pn(EPs) of the Ps kinetic energy P(EPs) distribu-
tion, as a function of the number of interactions
n. This results in a series of continuous probability
distributions in the Ps atom energy. Since this sim-
ulation does not need to make use of the geomet-
ric model it is much less computationally intensive
than the first.

3. The third step consists of computing the fraction
FS(n) of the produced Ps that will survive a given
number of interactions with the channel walls with-
out decaying. FS(n) is potentially as costly to com-
pute as S(n). However, at the expense of a small
approximation the computational cost can be made
negligible.

5.1. Computing S(n)

We compute S(n) through Monte Carlo simulations
in which Ps atoms are generated within the NCP ge-
ometry according to the depth distribution previously
determined and then their trajectories are propagated
within the channel structure. By performing this simula-
tion separately from the simulation of the implantation
and diffusion in the bulk, we lose information about the
correlation between the propensity of a given nanochan-
nel to capture diffusing e+ and the amount of Ps that
will start to thermalize from that specific channel. To
the best of our abilities, we could not identify any effect
in the results of our simulations stemming from the loss
of this correlation. On the other hand, there is a clear
computational advantage in computing the implantation
and diffusion profile of the e+ in a simplified model in-
stead of the full NCP.

The cost of computing the trajectory of a Ps atom in
an NCP is much greater than that of simulating implan-
tation and diffusion of a single e+ as the implantation
process requires to simulate order of hundreds discrete
interactions, while the propagation of a Ps in a nanochan-
nel can easily take 105 ÷ 106 interactions, each of which
requires addressing the complex NCP geometry. We ob-
served that employing a single nanochannel, with a shape
that is randomly chosen for each single Ps evolution can
result in an S(n) similar to one given by the full NCP
simulation, provided that the radius of the nanochannel
is carefully chosen. To do so we proceed as follows. We
compute via Monte Carlo simulation the average distance
dB that the Ps travels between two successive interac-
tions with the walls of the NCP. We then re-scale the
average diameter of the channels used as a substitute for
the NCP geometry so that the value of dB in these chan-
nels will be equal to the dB computed for the full NCP
geometry.

In Fig. 4 we compare the distributions S(n) computed
using the NCP geometry and a single channel with an
appropriately adjusted radius.

5.2. Evolution of the Ps energy distribution

The simulation of the evolution of the Ps atom en-
ergy distribution P(EPs) as a function of the number of
Ps–wall interactions n has a manageable computational
cost, nonetheless the output of this simulation being a
long series of energy distributions Pn(EPs) can consist of
a sizeable amount of data. We can exploit the fact that
P(EPs) evolves quickly as it undergoes the first interac-
tions and very slowly at the end of the thermalisation to
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Fig. 4. The discrete distribution S(n) as computed
through the entire NCP geometry or by using single
channels whose radius has been adjusted to simulate
the parameter dB given by the full NCP geometry; as
can be observed, single channels can suitably predict
the behavior of the entire NCP. In these simulations an
implantation energy of 7 keV was employed, which im-
plants most e+ in the thick of the nanochannel forest.
The bump appearing above 1 keV is caused by Ps diffus-
ing downwards, hitting the bottom of the channel and
then diffusing upwards.

cache these simulations efficiently. We have verified that
recording only few stages of the simulation, employing
a spacing that increases linearly with n, is an effective
method of characterizing the entire evolution.

The main parameter that in our model determines
Pn(EPs) is the effective mass M that we associate to the
wall to model the dynamic of the interaction [15, 17]. We
have also found that it is possible to employ the energy
evolution Pn(EPs) computed for a certain effective M1

to predict, to a certain degree of approximation, the evo-
lution relative to a different effective mass M2 by scaling
the subscript n by a factor M1/M2.

5.3. Computing FS(n)

Computing the fraction FS(n) of Ps which has sur-
vived after n interactions with the walls would require,
in principle, to employ the entire NCP geometry. This
is due to the fact that Ps atom decay in the channels
takes place according to two different phenomena: ei-
ther due to pick-off while interacting with the wall, or
in-flight due to spontaneous decay in 3 gamma photons.
The latter decay probability is proportional to the time
of flight tB between successive interactions, which in turn
depends on the Ps energy and the distance between in-
teraction sites. In practice, the value of dB , computed
previously, can be effectively used to approximate tB , al-
lowing to express FS(n) in closed form as a function of
FS(n− 1) [15, 17].

5.4. Dependence on simulation parameters

We will now briefly illustrate the parametric depen-
dences of S(n), Pn(EPs), and FS(n) on the simulation
parameters.

1. S(n) depends on the constructive parameters of the
NCP (i.e., on its geometry) and on the implantation
energy of the e+.

2. Pn(EPs) depends on the temperature of the NCP
converter and on the effective mass M employed to
model the Ps interaction with the channel walls.

3. FS(n) depends on all the parameters mentioned
above, and also on the pick-off probability p as-
sociated with each Ps–wall interaction.

Notice how S(n) and Pn(EPs), which constitute most
of the computational cost of the simulation, depend on
two disjoint sets of parameters. It is thus possible to
compute them for sets of parameters that are deemed
to be of interest to then use the results to finalize the
simulation for all combinations of the explored parameter
ranges. Doing this results in a quadratic improvement in
the runtime when scanning large parameter spaces.

6. Conclusions

The simulation of an NCP converter is a complex and
computationally intensive endeavor. We found several
strategies to reduce its complexity and cost, such as us-
ing surrogate geometries, ignoring e+ diffusion in dense
nanostructures, or splitting simulation steps according to
their dependence on the simulation parameters. Several
of these techniques can be hopefully adapted to be used
to simulate e+/Ps behavior in nanostructures different
from the NCP, thus allowing the theoretical exploration
of a wider range of potential e+ to Ps converters.
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