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Monte-Carlo simulation of anti-hydrogen formation via charge exchange 3

Abstract The AEgIS experiment aims at producing antihydrogen (and eventually
measuring the effects of the Earth gravitational field on it) with a method based on
the charge exchange reaction between antiproton and Rydberg positronium. To be
precise, antiprotons are delivered by the CERN Antiproton Decelerator (AD) and are
trapped in a multi-ring Penning trap, while positronium is produced by a nanoporous
silica target and is excited to Rydberg states by means of a two steps laser excitation.
New Monte Carlo simulations are presented in this paper in order to investigate the
current status of the AEgIS experiment [1] and to interpret the recently collected data

(2].
Keywords Positronium - Charge exchange - Anti-hydrogen atoms

PACS 78.70.Bj - 34.80.Lx - 36.10.Dr - 36.10.-k

1 Introduction

Since the first synthesis of cold antihydrogen [3], several experiments in the same
field [4-6] have exploited (and substantially improved) the same technique, based on
the mixing of positrons and antiprotons clouds interacting via three body recombi-
nation, with only one relevant exception [7]. In this work, the feasibility of a differ-
ent way to antihydrogen production was demonstrated, via antiproton-positronium
charge exchange mediated by cesium atoms, along the lines of a method first pro-
posed in a pioneering work published in 1986 [8] and subsequently investigated by
other research groups (see e.g. [9-11]).

The AEZIS experiment aims at producing antihydrogen (and eventually measur-
ing the effects of the Earth gravitational field on it) with a similar method, based on
the charge exchange reaction between antiproton (p) and positronium (Ps):

p+Ps* = H +e
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where Ps is produced by positrons implantation on a mesoporous silica target and
subsequently excited to a Rydberg state (Ps*) via double step laser excitation [12].

This process can be in principle more efficient than the traditional mixing pro-
cess, because of the large cross section for Rydberg charge exchange, and has the
advantage that the final A quantum states can be predicted as a function of the ini-
tial Ps* quantum states, and their distribution is relatively narrow, so that they can
be accelerated by electric field gradients. Moreover, antiprotons can be preemptively
cooled in order to reduce their transverse velocity and make a collimated beam of
antihydrogen (via Stark acceleration technique).

In this paper, we will focus on Monte Carlo simulations designed for the as-
sessment of the Ps laser excitation in the antiproton Penning trap region, and then
developed to give an estimation of the antihydrogen production rate.

2 Monte Carlo Simulation

The simulations presented here reflects the current (March 2018) state of the art of
the AEgIS experiment, and include:

1. the impingement of the positron bunch on a suitable nanoporous target [14] to
produce cold Ps which is emitted into vacuum (a simple model is adopted, sup-
posing that Ps is thermally distributed out of the surface where positrons collide)

2. the Ps excitation in a Rydberg state (Ps*) by means of two laser pulses with
suitable wavelength and duration 1,5 — 3 ns [12,13]

3. the formation of cold Rydberg anti-hydrogen H* from a charge exchange reaction
between antiprotons and Ps*

The whole system described here is kept in a 1 T magnetic field (to limit Ps* self-
ionization), where antiprotons are preemptively transferred and stored in a multi-ring
Penning trap (after being caught and cooled with electrons in a 5 T magnetic field),
see Figure 1.

i""”""‘sl !

Fig. 1 Drawing of the full AEgIS apparatus. The region discussed in this paper is the so-called 1 T trap.
The detectors used to read the signals discussed later in the text are the scintillating slabs (depicted in
violet) surrounding the apparatus and read by standard photomultipliers (Philiphs-Photonis XP2020 and
Thorn-EMI 9954B).
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2.1 Simulation Design

The simulation has been developed using Wolfram Mathematica®! version 11.2 and
it has been designed to separately deal with the tracking problem (we assume that
Ps moves along straight lines in a space filled with the CAD model of the region
surrounding the target, including the p-trap electrodes) and with the evolution of each
Ps along its track (namely the possible laser excitation until the eventual annihilation
in flight or on the wall).

In the following, the former will be called “spatial simulation” while the latter
will be called “temporal simulation”. Since the spatial simulation is much more time
consuming than its temporal counterpart (essentially because of the complexity of the
involved geometry), the spatial simulation was usually run once for a specific CAD
geometry and positron beam setup, then the output was written in a lookup table, and
eventually several temporal simulations (with different physical parameters, e.g. laser
timing and beam size) were carried out on this basis.

The first goal for our simulation was to assess the presence (and the fraction) of
Ps* and to understand the observed SSPALS spectra’ which were not clear because
of the intricate geometry and the short free path available for Ps. But it turned out
that the implemented method can be easily modified to incorporate new modules, for
example the simulation of A production (once included the information about the p
plasma size and density and a model for charge exchange cross section, like the one
reported in [18]).

Spatial simulation The aim of the spatial simulation is to track each Ps and measure
its maximal free path (independently of its lifetime, see Figure 2), as well as the
amount of Ps which can reach the p plasma.

The spatial simulation of the Ps tracks has been performed using the following
parameters:

— the measured size of the positron bunch impinging on the target (o, ~ 0.3 mm,
o, ~ 0.1 mm )

— the measured position of the center of the positron bunch impinging on the target
(distance from the trap axis 13 mm, position situated in the vertical plane passing
through the trap axis)

— a Ps source obtained by the projection of such a beam on the target surface

— a Ps emission assumed to be uniformly distributed in a cone of 120° opening
angle and axis perpendicular to the target surface.

! This particular software was chosen over alternatives (like e.g. Geant 4) because no real passage of
particles through matter was involved, most of the phenomena occurred in vacuum, and particle interac-
tions were dominated by only a few physics processes, which needed some ad hoc models implemented.
On the other hand, with Mathematica we had the advantage of gaining a lot in readibility of the results,
being able to easily follow the outcome of each step of the experiment, to quantify the effect of any change
in the setup, making it easier the whole optimisation in order to achieve our goal.

2 Single-Shot Positron Annihilation Lifetime Spectroscopy, a method for detecting and analysing de-
layed annihilations due to Ps succeeding the prompt annihilation burst produced by positrons, in order
to gather information about the fraction of Ps and its properties. Both kind of annihilations are observed
through gamma radiation detected by a fast scintillator, coupled with a rapid photomultiplier and whose
signal is recorded by a fast oscilloscope (see [15, 16] for the conception and precise definition of SSPALS,
as well as [17] for a recent review on the capability to disentangle also Ps laser excitation effects).
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Fig. 2 Left: drawing of the system formed by the nested Penning trap for antiprotons and the Ps emitting
target, with some example Ps tracks depicted by arrows (in red the straight line perpendicular to the target;
p plasma is not represented inside the trap). Right: histogram of the Ps free path (defined as the distance
between the Ps track source and its impact point on the surrounding items or walls).

Temporal simulation If the aim of the spatial simulation is to track each Ps and mea-
sure its free path, the temporal simulation has the goal to reproduce the real Ps anni-
hilation signal, and its change in the presence of laser excitation.

Once terminated the spatial simulation, the data about the starting points and the
impact points of each track are recorded and passed to the subsequent temporal sim-
ulation. In fact, the temporal simulation takes into account all the remaining relevant
processes, i.e.:

— the Ps velocity distribution, usually a Maxwellian distribution (i.e. a Maxwell-
Boltzmann kinetic energy distribution with average %kBT, where T is the sup-
posed Ps absolute temperature; the measured average velocities are typically
~ 10° m/s.

— the Ps lifetime distribution (exponential with average lifetime T = 142 ns)

— the temporal spread in the Ps emission time (usually 4-6 ns RMS).

— amodel for the laser excitation to a Rydberg level taking into account not only the
laser beam size and position, but also the saturation fluence [13] and the Doppler
effect (that adds a further efficiency depending on the laser bandwidth and on the
Ps velocity component parallel to the laser direction, v|)

All these data are evaluated to calculate the excitation probability for every Ps
track; the simulation then creates an event with that probability and, in the presence of
excitation, the annihilation is delayed: the “unexcited Ps” keeps the original lifetime
(and annihilates with this lifetime or on the wall if it is hit beforehand, see Figure 3),
otherwise Ps* gets a new lifetime, again exponentially distributed, but with a much
larger average - so that it annihilates almost always on the wall.

In order to reproduce the signal observed in the experimental data by scintillation
detectors, which is due to gamma rays not only produced by orhopositronium but also
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Fig. 3 Left: histogram of the distance traveled by Ps on the basis of its exponential lifetime for a
Maxwellian velocity distribution at 7 = 300 K (in blue, to be compared with the maximal free path of
Figure 2, reported also here for clarity, in yellow). Right: histogram of the overall distance traveled by Ps,
i.e. the minimum between them. In these conditions, around 22% of the Ps annihilate on the wall, and the
rest in flight.

by parapositronium and by direct positron annihilations on the target, the simulation
takes eventually into account other effects not mentioned in the previous list (like the
fraction of prompt annihilations, around 75%, and the detector response function; see
Figure 4). From the same figure, it may also be inferred that the difference between
the scintillator signals in the presence and in the absence of laser excitation is always
more than one order of magnitude smaller than the signal itself, mainly because of
the limited laser bandwidth (see also Figure 5) and of the delayed light emission in
the scintillator.

10°- 1
10° 3
5 0% 3
[2]
IS
>3
8 1000, P | ||| [oeeeeroeeronee,, :
e %o,
'”...
o ®e oo,
100~ e, ]
%0000
%o
10 [ o ]
0 100 200 300 400 500 600 700
time (ns)

Fig. 4 Detector signal from gamma annihilations expected from the simulation in case of no laser excita-
tion (black line histogram) and in case of laser excitation (red line histogram). The faded blue histogram
shows the response function of the detector to the bunch of positrons with prompt annihilation. The black
dots measure the difference between the two histograms when there is an excess of annihilations when
there is no laser excitation (and only Ps), while the red dots measure the difference when there is an excess
of annihilations with laser excitation (due to the presence of Ps*).
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2.2 Some relevant simulation results

Although there is no room here for showing most of the results, it is important to
mention that the Monte Carlo simulation has been proven to be useful in understand-
ing the effect of the delay of the laser with respect to the Ps emission, particularly
with the target support installed in 2017 that had a ~0,5 mm gap between the silica
target and the region illuminated by the laser beam. In fact, in this case, the laser
delay is a very critical parameter because it strongly selects the Ps population that
undergoes excitation. In Figure 5 we see the distributions for the velocity parallel to
the laser propagation direction (whose changes are dominated by the Doppler effect)
as well as the velocity perpendicular to the laser propagation direction for a laser
delay of 45 ns, that looks to be the most effective for Ps emitted at 300 K by this
target. Smaller laser delays are slightly less effective on the number of excited Ps
but select a population with higher velocity to be excited, and vice-versa (as can be
inferred from Figure 6 we see the distributions for the velocity perpendicular to the
laser propagation direction for a laser delay of 15 ns and for a laser delay of 85 ns).
After studying the properties of the Ps* distribution, the same simulation was ex-
tended to evaluate the H production by interaction of the Ps* (typically with n = 16
in AEgIS) with the antiproton plasma, with a measured size of 4 mm (radially) x
2 mm (axially), a central density of 25 x10% cm™> (for more details on the tech-
niques used in AEgIS to reach such densitiies, see [19]) and a (roughly estimated)

counts/bin countsibin
12000 integral=1000000 14000 imegrai=1000000
RMS=37652.1 m/s 064 1 m
integral=507362
10000 RMS=36568.5 m/s 12000 s oh s
integral=128390
RMS=9575.17 mis 10000
8000
8000,
6000
6000,
4000/
4000
2000 2000
-50 000 0 50000 100 000 VIl (M/s) % 50000 100 000 150 000 200000 250000" (™)

Fig. 5 Velocity distributions for Ps emitted from the target (yellow histogram), for Ps reached by the laser
(grey histogram) and for Ps that results excited to Rydberg state (green histogram). Left: distribution for
the velocity parallel to the laser (v|). Right: distribution for the velocity perpendicular to the laser (v ).
The histograms are normalized to the number of effective Ps* in the simulation. The laser delay is set to
45 ns.

counts/bin counts/bin
14000 integral=1000000 14000 integral=1000000
mean<671056mis means670%09 mis
RMS=30037.8 mis RMS-30020.2mis

12000 12,00

integral=154544
mean=36150.7 mis
RMS=10920.3 mis

10000 10 000f

integral=51185
mean=B4433.7 mis mean=34180.4 mis
8000 RMS=26335.4 mis 8000) RMS=11621.6mis

6000 6000

4000, 4000

2000 2000

0

0 50000 100000 150000 200000 35000 (™) % 50000 100 000 150000 200000 750608+ (M)

Fig. 6 Distributions for the velocity perpendicular to the laser (v, color codes as in Figure 5). Left:
distribution for a laser delay of 15 ns. Right: distribution for a laser delay of 85 ns
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Fig. 7 Joint distribution as a function of the A formation probability and of the Ps* velocity.

temperature of around 1000 K. In order to evaluate the A production probability, the
cross section given in [18] was used. The average number of produced H was esti-
mated to be around 1 per 10® Ps emitted by the target. In Figure 7, for example, we
see the joint probability distribution as a function of the interaction probability and of
the Ps* velocity: as expected, the highest interaction probability corresponds to low
Ps* velocities, while the main contribution to the A production is given by Ps* with
intermediate velocities (which are in larger number).

3 Conclusions

In this work, we have presented some results from a Monte Carlo simulation aimed
at a better understanding of the phenomena occurring in the AEgIS experiment, in
particular for what concerns the optimisation of the overlap between Ps and the laser
beam, the interpretation of the data collected in order to apply the SSPALS method
to estimate the fraction of Ps*, the evaluation of the flux of the Ps* reaching the
antiproton plasma and finally the H production.

Moreover, the simulation helped identify some critical points in the design of the
target used in 2017 that were subsequently amended.

With the help of new diagnostic tools currently under development in AEgIS, we
think it will be a valuable device to put new constraints on some of the poorly known
properties of the system we deal with (like e.g. the Ps velocity distribution).
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