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Executive Summary

Antiprotons as a probe to study short-lived isotopes remain unexploited despite past
pioneering works with stable nuclei [1–4]. In particular, low-energy antiprotons of-
fer a very unique sensitivity to the neutron and proton densities at the annihilation
site, i.e. in the tail of the nuclear density. Such studies with short-lived nuclei and
low-energy antiprotons are the first motivation of the proposed antiProton Unstable
Matter Annihilation (PUMA) experiment. Today, no facility provides a collider of
low-energy radioactive ions and low-energy antiprotons: PUMA aims at transport-
ing one billion antiprotons from CERN/ELENA to CERN/ISOLDE to perform the
capture of low-energy antiprotons by short-lived nuclei, and probe in this way the
so-far unexplored isospin composition of the nuclear-radial-density tail of radioac-
tive nuclei.

The present proposal follows a Letter of Intent [5] and a Memorandum [6] previ-
ously submitted in December 2017 and June 2018, respectively, in which the physics
case and concept of PUMA were developed. In the minutes of the 59th meeting
of the INTC [7], the committee “strongly endorses the current physics programme:
although very ambitious, the outcome and impact could be significant and its future
progress will be regarded with interest”. In the minutes of the 131st SPS and PS
Experiments Committee (SPSC) meeting [8], “the SPSC looks forward to receiving,
when ready, a proposal with more details, that demonstrates the feasibility of the
project by addressing solutions for the above mentioned technical challenges. The
Committee encourages the collaboration to consider the possibility of a more com-
pact design, and the option of separating the transport and detection devices, and
to look for potential locations at the AD”. On June 19, 2019, the SPSC published
a call for proposals for projects at the AD after the second LHC long shutdown
(LS2) [9]. This call aims at reviewing ideas of existing experiments at the AD hall
and future projects which propose to make use of low-energy antiprotons.

In this document, we propose to the SPSC that PUMA becomes a CERN exper-
iment. If accepted, PUMA will continue to be developed at TU Darmstadt and will
be installed at ELENA in 2021. It is planned that PUMA, stays first at ELENA to
develop the trapping of 109 antiprotons and to perform reference measurements on
site with stable nuclei. We will also benchmark the transportation of antiprotons
and qualify the half-life of the antiproton plasma stored in PUMA. Measurement
proposals and requests for beam time at ISOLDE will be submitted to the INTC
for approval at a second stage.
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We propose to build a fully-transportable experimental setup composed of a 28-
cm-large bore 4 Tesla solenoid, with active and passive shielding, a Penning trap
for storing antiprotons and ions and charged-particle trackers composed of a time-
projection chamber and a plastic scintillator barrel for the detection of annihilation
products. Diagnostics for the antiproton plasma will also be included in the system.
The trap will be composed of two zones, a storage zone and a collision zone.
The main challenge of PUMA is related to the extreme high vacuum required for a
long term storage of the antiprotons with a half-life of thirty days corresponding to
twenty residual gas molecules per cm3 or about 10−17 mbar at 4 K. As the objective
of PUMA is to inject low-energy ions into the antiproton plasma, the antiproton
trap needs to be open to the beam lines at ISOLDE.
Once the antiprotons are trapped, the entire system will be transported in operation
from ELENA to ISOLDE. At ISOLDE, low-energy Radioactive Ion Beams will be
introduced into the PUMA trap and mixed with antiprotons to favor the formation
of antiprotonic atoms, followed by annihilation.
The ratio of the number of annihilated neutrons to the number of annihilated pro-
tons will be evaluated by measuring the charged pions produced from annihilation.
The basic principle of PUMA relies on the electric charge conservation of the an-
nihilation process: the total charge of pions is −1 for a neutron annihilation and 0
for a proton annihilation. The determination of this ratio requires a correction of
final state interactions, acceptance and detection efficiency. Complementary X-ray
measurements from the decay of the formed antiprotonic atoms are also considered
for future plans.

In Chapter 1, an overview of the proposed experiments, its objectives and the
explanation of the planned technical solutions are presented. Chapter 2 describes
in some details the annihilation mechanism when a low-energy antiproton interacts
with a nucleus. The focus is set on the treatment of final state interactions after
the annihilation from the re-interaction of produced pions with the residual nucleus.
The sensitivity of the proposed method is discussed. We propose an analysis method
which will provide the ratio of neutron-to-proton annihilations at a precision better
than 10%, providing an unprecedented constraint on neutron-to-proton densities
at the nuclear surface. After an overview of the experimental setup in Chapter 3,
the key components of the experiments are described: the vacuum (Chapter 4),
the solenoid (Chapter 5), the trap and trapping procedure, as well as the plasma
diagnostics (Chapter 6), the detection for radiations following annihilations (Chap-
ter 7). We show that, on the technical side, the PUMA concept can be successfully
achieved. In Chapter 8, the foreseen operation at ELENA is described. The trans-
portation procedure from ELENA to ISOLDE is detailed in Chapter 9. Operations
at ISOLDE are the object of Chapter 10. Since the development of PUMA will
be first performed at TU Darmstadt, the foreseen infrastructure is described in
Chapter 11. Finally, the organisation of the project in terms of collaboration, work
packages and timeline as well as the cost estimate are given in Chapter 12.
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Chapter 1

Physics objectives and concept

1.1 Neutron skins and halos

The occurrence of neutron halos was discovered in light-mass nuclei at the limit of
nuclear existence, i.e. at the neutron drip line [10]. Historically 11Li was the first
halo nucleus discovered 1 whose structure is understood as a 9Li core surrounded
by two neutrons with a large radial extension. Halos are truly a fascinating mani-
festation of quantum physics. They belong to a subset of clustering [11] for which
most of the probability to find the halo neutrons extends to a region of space that is
classically forbidden. In other words, the neutrons are well beyond the range of the
neutron-core potential [12–15] and owe their existence to quantum tunneling. Their
properties show universal aspects of few-body systems such as scaling laws [16, 17],
i.e. they do not encode details of the strong force. This makes atomic nuclei, and
more particularly exotic neutron-rich systems, a unique laboratory to study univer-
sal few-body phenomena. That said, universal features do not void physicists to
reach a true understanding of nuclear halos. This requires both a precise descrip-
tion of nuclear correlations and an accurate accounting of large-distance behavior.
Unfortunately, this coincides with one of the greatest challenges of contemporary
physics: a problem of multiple scales. While modeling efforts are being deployed
in this direction, our understanding will only improve by challenging theory with a
more complete representation of halo systems from new experimental probes.

Several halos have been identified and characterized, when possible, from com-
plementary observables such as reaction cross sections, neutron transfer, charge and
matter radii, elastic and inelastic scattering, Coulomb excitation and femtoscopy
measurements [19, 20]. An overview of the so-far observed (or claimed) halo nuclei
is given in Fig.1.1. Today, only light halo nuclei up to mass A=8 (8He) can be cal-
culated via ab initio techniques where the Schrödinger equation is solved fully with
realistic nucleon-nucleon interactions. While only s-wave halos have been observed
so far, p-wave neutron halos have also been recently claimed to appear in very neu-

1In reality, the simplest case of halo is the deuteron, a stable binary halo, which exhibits a large
central depletion and an anomalously large radius.

9



10 CHAPTER 1. PHYSICS OBJECTIVES AND CONCEPT

Figure 1.1: (Left) Low mass region of the nuclear chart. Isotopes marked with a
circle correspond to nuclei which show indications of a proton or a neutron halo. The
figure is taken from [18]. (Right) Schematic representation of proton and neutron
radial densities for stable nuclei, halo nuclei and in case of a neutron skin. Depending
on the situation, the ratio of the neutron and proton densities in the tail of the matter
density distribution are very different.

tron rich Ne and Mg isotopes from breakup cross section measurements [21, 22]. A
more direct measurement is needed to verify these conclusions.

Proton halos are expected to exist and some candidates have been explored
experimentally. The tail of the wave function should be more suppressed at larger
distances than for an angular momentum barrier. This makes halo formation more
difficult and will prevent it altogether for nuclear charges above ten or twenty. The
most prominent cases are the one-proton halo 8B [23–25] and the two-proton halo
17Ne [26]. Theoretical proton and neutron radial densities for 17Ne are shown in Fig.
1.2.

For medium mass nuclei, the appearance of halos is predicted by several effec-
tive models with varying outcome from one to another [27–31]. As an illustration,
predictions from [31] of neutron halos in medium-mass neutron-rich nuclei quan-
tified through a halo factor Nhalo are shown in Fig. 1.3. Nhalo is defined as the
amount of neutrons in a nucleus where the one-body matter density of the core
nucleus, composed of A-1 nucleons, is less than 10% of the halo density, following
the definition Nhalo =

∫∞
r0
ρ(r)r2dr where r0 is the radius of the core. Calculations

were performed for spherical nuclei, near shell closures, with the Sly4 Skyrme effec-
tive nucleon-nucleon interaction [32]. Except some work within the Nilsson-diagram
framework [33–35], the role of deformation has been barely studied so far and no
data firmly support the existence of deformed halos.

A large neutron excess at the nuclear surface is not necessarily a halo and can
take the form of a neutron skin. Neutron skins, corresponding to a neutron density
higher than the proton density at the surface of the nucleus, have been evidenced in
stable nuclei. Neutron skins are so far mostly quantified via their thickness defined
as the difference between the neutron and proton distribution rms radius

∆rnp = 〈r2
n〉1/2 − 〈r2

p〉1/2 (1.1)
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Figure 1.2: Theoretical matter, proton, and neutron density distributions for the
ground state for 17Ne. The Fermionic Molecular Dynamics (FMD) approach repro-
duces well the large charge radius of 17Ne, whose description is consistent with a
two-proton halo bound to a 15O core. Figure taken from [26].

Figure 1.3: Halo factor Nhalo characterizing the amount of neutron halo in medium-
mass neutron-rich nuclei. Calculations were performed at the mean-field level in the
Hartree-Fock-Bogolyubov framework withe the Sly4 effective interaction. Figure
from [31].
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Thick neutron skins, i.e. thicker than ∼0.3 fm, were observed in light neutron rich
nuclei. Microscopic models predict the development of thick neutron skins in very
neutron rich medium mass nuclei [36–44] but no experimental evidence exists so
far. An illustration of the spread of predictions by using different Skyrme nucleon-
nucleon functionals is shown in Fig. 1.4. Such thick neutron skins would represent
a unique occurrence of low-density pure neutron matter in the laboratory. Using all
experimental techniques presently available, it has not yet been possible to determine
the neutron skin accurately enough in order to discern the best microscopic theories
for proton and neutron distributions. Characterizing the evolution of the neutron
skin along isotopic chains towards large neutron excess will represent a new constrain
to nuclear structure theories.

Figure 1.4: Neutron skin thickness ∆rnp calculated for tin isotopes with twenty-three
different Skyrme interactions. Figure from [43].

In addition to the many body problem, the study of neutron skins has been
motivated by the nuclear equation of state, a driving component of the structure of
neutron stars. In heavy stable nuclei, the difference between the neutron and proton
radii is of the order of few percent [45]. The determination of the neutron skin thick-
ness is indeed precious to learn about the equation of state at low density (ρ < ρ0),
to give information on the isospin dependence of the nuclear force and to constrain
our description of neutron stars [46, 47]. The larger the pressure of neutron mat-
ter, the thicker is the skin as neutrons are pushed out against surface tension. The
same nuclear pressure supports neutron stars against gravity, therefore correlations
between neutron skins of neutron-rich nuclei and various neutron star properties are
naturally expected. The density dependent symmetry term ε(ρ) of the equation of
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state gives the cost in energy to separate neutrons and protons. A strong correlation
between the so-called slope coefficient of the symmetry energy L = 3ρ0∂ε/∂ρ|ρ0 and
the neutron-skin thickness has already been shown [40] and is illustrated in Fig. 1.5.
According to this correlation, one can constrain the symmetry-energy term of the
equation of state. In addition, the magnitude of neutron skins gives insight into the
nature of three-body forces in nuclei, the position of nuclear drip lines, and collec-
tive nuclear excitations related to the isospin degree of freedom. Best constraint on
nuclear forces would come from a systematic study of neutron skins along isotopic
chains and for very neutron rich systems.
The nature of neutron skins in nuclei may not be as simple as described by mean

Figure 1.5: Calculated neutron skin thickness of 208Pb against the slope L of the
symmetry energy for different effective nucleon-nucleon interactions at the mean
field level. Figure from [40].

field approaches. Parity-violating electron scattering analysis [45] as well as pre-
dictions from a data-constrained dispersive optical model analysis [48] favor thicker
neutron skins than other ab initio predictions and than most most microscopic pre-
dictions, as well as compared to strong-probe extracted values [49,50]. We still have
a lot to learn about the nuclear surface properties. Spatial correlations including
alpha clustering are predicted to take place at sub-saturation densities and therefore
at the nuclear surface. It is expected that clustering and the formation of inhomo-
geneous matter at low densities modifies the tail of the proton density [51]. If such
correlations are confirmed experimentally, it would modify our understanding of the
symmetry energy of the nuclear equation of state, as compared to calculations as-
suming a uniform uncorrelated spatial distribution of constituents [52]. Recently ab
initio calculations have been extended to medium mass nuclei. Calculated binding
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energies and matter radii of stable nuclei show a systematic discrepancy compared
to experiment when the coupling constants of the input two- and three-body inter-
actions are fixed to scattering data and three-body nuclei only. These discrepancies
indicate limitations of the most recent ab initio theories to grasp enough of the rel-
evant many-body effects in the current power counting schemes of the pertubative
expansion [53].

For the above reasons, the outer part of the nuclear density in neutron-rich
isotopes is of capital interest, although difficult to access experimentally. Indeed, all
current techniques to investigate neutron skins and halos are sensitive to the entire
density or, in the case of hadronic probes, to the nuclear surface where ρ ∼ ρ0/2. In
the case of neutron skins and halos, the relevant region of neutron excess takes place
in the tail of the nuclear density, i.e. beyond the surface where ρ ∼ ρ0/2, a region
unexplored so far. The use of low-energy antiprotons as a probe should remedy
this lack of experimental information, as further detailed below. As an illustration
of the difference between the radial sensitivity of annihilation following antiproton
capture and direct nuclear reactions such as nucleon knockout at high beam energies,
we illustrate in Fig. 1.6 the theoretical mean radial annihilation position for both
processes. While the nuclear reaction is sensitive to the surface of the nucleus,
the annihilation is sensitive to its tail where the skin and halo phenomena prevail.
These studies with radioactive ions were first proposed by Wada and Yamazaki in
2004 [54].

1.2 Antiprotons and nuclear structure

The first nuclear structure experiment with antiprotons was performed at Brookhaven
National Laboratory, USA in the 1970s [55]. Low energy antiprotons were sent onto
targets made of different solid materials (C, Ti, Ta, Pb) and charged pions from
annihilation were measured in a bubble chamber where the targets were inserted.
Since the electric charge is conserved during the annihilation process, the measure-
ment of the ratio of positive and negative pions should be related to the annihilated
neutron-to-proton ratio. Detection efficiency was considered in the analysis, as well
as the difference of annihilation probability with protons and neutrons. The later
correction term was estimated with 12C as reference. The obtained normalised
neutron-to-proton annihilation ratios show values significantly larger than N/Z for
all cases, where N is the number of neutrons and Z is the number of protons. The
relative excess compared to N/Z was interpreted as an excess of neutrons in the
tail of the nuclear density and quantified as a so-called halo factor. In the case of
208Pb, 2.3(5) times more neutron annihilations were observed compared to what one
could expect from N/Z. Since this pioneer study, antiprotons have been used to
investigate the nature of the tail of the nuclear density in stable nuclei.

The initial interpretation of this first work clearly suffered from the lack of a
detailed treatment of final state interactions, as well as the lack of theoretical un-
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Figure 1.6: Matter density distribution of 132Sn (black), obtained from extrapolation
of optical model. The theoretical mean radius for nucleon stripping from quasifree
scattering (pink arrow) and the expected site of annihilation after antiproton capture
(green arrow) are shown. For this estimate, the annihilation profile corresponding
to a mixture of antiprotonic orbitals with quantum numbers (n = 8, ` = 7) at 90%
and (n = 9, ` = 7) at 10% (green curve) is considered.

derstanding for the site of the annihilation. These points were partly addressed in
the interpretation of later works at the Low Energy Antiproton Ring (LEAR) and
the Antiproton Decelerator (AD) at CERN, where the annihilation process from
nucleon- and nucleus-antiproton collisions were mostly studied. The sensitivity of
low-energy antiprotons to the nuclear density tail of nuclei was demonstrated [56],
although a fully microscopic and consistent treatment of the antiproton-nucleus
many-body problem still remains to be developed. The major part of nuclear struc-
ture studies with antiprotons relied on the detection of X rays from the decay of
antiprotonic atoms [57–59] and γ rays from the residual nuclei [4, 60]. Several of
these works aimed at determining the neutron skin thickness of stable nuclei in a
model dependent way. As detailed in Chapter 2, PUMA aims at characterizing the
tail of the nuclear density of radioactive nuclei from the measurement of low-energy-
annihilation products.

As of today, no accelerator complex provides low-energy antiprotons to be used
as probes for unstable nuclei. Indeed, the use of antiprotons with unstable nuclei
requires two large scale facilities, one for the antiproton production and one for
radioactive-ion beams (RIB), or a way to bring antiprotons to a RIB facility. This
was proposed for FAIR as the FLAIR project [61] but has not been included in the
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Start Version of FAIR. There is no RIB-antiproton collider today. The experiment
detailed in the Letter of Intent and this addendum aims at bringing stored antipro-
tons from ELENA to the ISOLDE facility [62] at CERN. Its results may provide the
necessary inputs to advocate for a low-energy antiproton-radioactive ion collider at
CERN or GSI which, in return, may open new perspectives to study nuclear systems.

1.3 Objectives

The first objectives of the PUMA experiment are

• to provide a new observable for radioactive nuclei that characterises the neutron-
to-proton asymmetry of their density tail, namely the neutron-to-proton an-
nihilation ratio,

• to characterize the density tail of known halos and neutron skins with this new
method,

• to evidence new proton and neutron halos,

• to understand the development of neutron skins in medium-mass nuclei along
isotopic chains.

The proposed method is indeed first an unambiguous discovery tool for halos:
annihilation from a neutron halo nucleus should lead to a neutron-to-proton an-
nihilation ratio exceeding by an order of magnitude the N/Z ratio of the nucleus
(following qualitatively the halo definition proposed in [30]), annihilation from a
proton halo, on the contrary, should lead to a neutron-to-proton annihilation ratio
significantly smaller than unity. Neutron skins could be characterized by a neutron-
to-proton annihilation ratios larger than N/Z. To illustrate the sensitivity of the
n/p-annihilation ratio to neutron skins, we calculated the expected value for two tin
isotopes with realistic proton and neutron densities: in the case of the stable 124Sn,
the expected neutron-to-proton annihilation ratio is 2.13, while it is close to unity
for the neutron-deficient 104Sn, 2.35 for the neutron rich 132Sn. These values are to
be compared to N/Z = 1.48, 1.08 and 1.64, respectively. This example illustrates
that a relative accuracy of 10% or better for the neutron-to-proton annihilation ratio
is sufficient to provide first quantitative information on the neutron-skin growth as a
function as neutron number. The expected range of neutron-to-proton annihilations
are summarized in Tab. 1.1.

n/p-annihilation ratio
Neutron halo ≥ 10×N/Z
Proton halo � 1
Neutron skin > N/Z

Table 1.1: Expected neutron-to-proton annihilation ratios in the case of a neutron
halo, a proton halo or a neutron skin.
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The foreseen studies are expected to provide new information on the nuclear
many-body problem, which may eventually shed light on our understanding of
neutron(-rich) matter at low density. Note that the observable PUMA will provide is
the ratio of neutron-antiproton annihilations and proton-antiproton annihilations af-
ter antiproton capture. This quantity is to be connected to the neutron-over-proton
density ratio integrated over the region of annihilation sites, i.e. in the tail on the
nuclear radial density. PUMA is then complementary to measurements aiming at
neutron-skin thickness determination and is sensitive to the tail of the radial density
distribution, so far unexplored.

Several physics cases have been identified to be suitable for the investigation of
the neutron and proton composition of the nuclear density tail in radioactive nu-
clei. They will all be measured in the exact same experimental conditions and are
summarized in Table 1.2. It is important to note that (i) reference measurements
with stable nuclei will first be done at ELENA and will provide benchmark data
for the response function of the device (detection and tracking efficiencies, signal-
to-background determination,...), as well as benchmarks for theory and the foreseen
interpretation method, (ii) the analysis of high statistics reference measurements
at ELENA might lead to new prospects for PUMA (see below), (iii) measurements
along isotopic chains are believed to be important since they will allow studies which
may provide more (relative) accuracy than individual measurements. Note that at
both ELENA and ISOLDE Multi-reflection time-of-flight (MR-TOF) devices will be
used to provide isotopically pure ions.

Regarding to the program at ELENA, in addition to the above reference mea-
surements with stable nuclei, we intend to perform specific development studies
which might improve or expand the physics program with PUMA:

• detection of the heavy-ion recoil after annihilation along the solenoid axis for a
direct tagging of an annihilation with a heavy-ion. This might lead to a strong
enhancement of the signal over background ratio, particularly important for
the most exotic cases.

• capture from antiprotons trapped in the collision zone at high velocity (∼ 100
eV), also supposed to improve the signal over background ratio.

• measurement of gamma-rays from the electromagnetic decay of heavy-ion
residues from the annihilation.

• measurement of X-rays emitted during the decay of the antiprotonic atom.

1.4 Concept of PUMA
As stated in the earlier Letter of Intent [5], the PUMA project aims at transporting
one billion antiprotons from ELENA to ISOLDE to perform the capture of low-
energy antiprotons by short-lived nuclei. The PUMA ion Penning-Malmberg trap
will consist of a storage zone (S trap) dedicated to the storage of a large amount of
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Nuclei Objectives

E
LE

N
A

p
Detection efficiency, benchmark of simulations, ex-
perimental response for pure proton annihilation

d
benchmark of method on simplest nucleus, extract
response for neutron annihilation

3He, 4He isotopic study, comparison to ab initio predictions

16O, 40Ar, 132Xe
benchmark for analysis with medium-mass nuclei,
evolution of final state interactions with nucleon
number

112−124Sn
neutron-skin isospin dependence along the isotopic
chain of stable Sn nuclei

IS
O
LD

E

4,6,8He, 7,9,11Li
1) neutron skin and halos as a function of isospin
2) (high statistics) study of annihilation process

8B, 17,18Ne search for proton halos

26−31Ne, 28,33Mg
1) neutron skin in light isotopic chains
2) search for (p-wave) neutron halos

14−22O, 104−138Sn
1) evolution of neutron skins with isospin
2) exclusive final state population (when detection
of γ rays from nuclear de-excitation is included)

Table 1.2: Proposed first physics cases at ELENA (top) and ISOLDE (bottom).
Among the raised cases, the most neutron-rich Ne, Mg and Sn isotopes may not be
produced at enough rates for a possible measurement. Current available intensities
at ISOLDE are given in Chapter 10. The capabilities of the method will depend
on the signal-over-background (including effects from production rate, lifetime of
isotopes, vacuum and number of antiprotons in the trap) in the measurement and
the reached relative energy between antiprotons and radioactive nuclei in the trap
(the capture probability evolves as a function of the inverse of the relative velocity).

antiprotons, and a collision zone (C trap) dedicated to the interaction of antiprotons
with unstable ions. 109 antiprotons will be stored at ELENA in the S trap. The
entire system will be transported on a truck to ISOLDE. There, typically, 107 to
108 antiprotons will be transfered to the C trap from the S trap. Both zones will
be located in a 4 T magnetic field provided by a superconducting solenoid. Pions
issued from annihilations will be detected by a cylindrical time projection chamber
surrounding the C trap. The curvature of the charged pions in the magnetic field of
the trap will allow to identify the charge of the measured pions. After the correc-
tions from final-state interactions, we will determine the ratio of neutron-antiproton
annihilations and proton-antiproton annihilations following the antiproton capture.
This is the core observable to be provided by PUMA. A sketch of the setup is shown
in Fig. 1.7. A realistic view of the full setup in its frame is presented in Chapter 3.
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Figure 1.7: Schematic view of the PUMA pion detection and trap setup.

A proposed operation scheme of the system is presented in Fig. 1.7. The scheme
will consist of five key techniques: a pulsed drift tube (PDT) to slow down an-
tiprotons and ions at the entrance of the two traps, a rotating wall drive for the
antiproton cloud shaping, sympathetic electron cooling, fractional extraction of an-
tiprotons from the reservoir, and nested potential to trap positively-charged ions in
the same region. Details on the devices to be built are given in Chapters 4, 5, 6 and
7.

Although the details of each experiment at ISOLDE should be described in later
individual proposals to the INTC, we give here an estimate of the counting rate
expected from annihilations in PUMA so that orders of magnitude can be grasped
by the reader. The annihilation probability of an individual nucleus with stored
antiprotons is estimated to reach 106 barns at 100 eV relative energy [63]. Antipro-
tons annihilate with both protons and neutrons. The decay channels are composed
of energetic pions with conservation of the initial charge and momentum of the
antiproton-nucleon system.
Assuming an antiproton capture cross section of 10−16 cm−2, and assuming an an-
tiproton plasma of thickness 108 cm−2, every ion at 100 eV will fly through the
antiproton cloud 2 × 106 times when trapped for a 1 s total duration. In the case
of a stable or long-lived nucleus introduced in a bunch of 104 ions into the antipro-
ton plasma, the corresponding annihilation rate will be 100 Hz. A high-statistics
measurement with stable ions will therefore last few minutes, the limiting factor
being the acquisition rate the detector readout can handle (about 1 kHz with the
considered electronics).
In the case of the most exotic short-lived nuclei such as 11Li, the number of nuclei in-
troduced per cycle is smaller and the time the nuclei spend in the antiproton plasma
is limited by their half life. We assume that nuclei produced at 1000 s−1 are trans-
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1. Loading antiprotons into Reservoir Trap

2.  Sympathetic Electron Cooling

3. Rotating Wall technique for ion cloud shaping

5. Loading unstable nuclei into nested collision trap

4. Transport fraction of      into nested collision trap

Reservoir Trap

Collision TrapPDT

Figure 1.8: Operation scheme of PUMA. The trap entrance is equipped with a pulse
drift tube (PDT) to adjust the energy of the ions when injected into the trap.

mitted to PUMA in bunches at 10 ms cycles. Every ion at 100 eV will fly through
the antiproton cloud 2× 104 times when trapped for a 10 ms total duration. In this
extreme case, the corresponding annihilation rate will be 10 per minute. To achieve
this sensitivity, the design and conception of PUMA requires an extra-high vacuum
for the trap to minimize the background from residual-gas-induced annihilations.



Chapter 2

Method

2.1 Interaction between low-energy antiprotons and
atoms

Antiprotonic atoms are especially suited to probe the nuclear density at the nuclear
periphery, since the antiproton-nucleus annihilation is estimated to take place at
about 2 to 2.5 fm outside the half-density radius, as deduced from the LEAR/CERN
PS209 X-ray experiment [58]. The annihilation of the antiprotons is followed by me-
son emission, dominated by the emission of pions. The reconstruction of the total
charge of the emitted pions allows for the determination of the charge of the annihi-
lated particles, 0 in the case of antiproton-proton annihilation and -1 in the case of
antiproton-neutron annihilation. Thus, the distribution of protons and neutrons in
the nuclear periphery can be explored through the charge distribution of the emitted
pions.

In order to obtain the neutron-to-proton annihilation ratio from the emitted
pions, the whole process leading to and after antiproton annihilation must be con-
sidered. This process follows three differentiated steps:

• Capture of the antiproton by the atom in an orbital with high energy, af-
ter which the antiproton follows a decay cascade until it reaches the nuclear
surface.

• Annihilation of the antiproton with one of the nucleons in the nuclear surface,
resulting in the emission of mesons, mostly pions.

• Final-state interactions of the emitted pions with the nucleus, which may
modify the detected pion distribution.

These steps and their current understanding are described in the following.

2.1.1 Atomic capture

Atomic capture of negatively charged mesons and baryons is known to be a com-
plicated process since it is a many-body problem involving the long-range Coulomb

21



22 CHAPTER 2. METHOD

interaction at low energies. Therefore it has a highly quantum-mechanical nature.
Numerous works have explored the capture process, which is similar for all heavy
negatively charged particles (µ,K−, p̄, ...), starting with the early works of Fermi
and Teller [64], up to recent semiclassical [63], quantum-mechanical [65] and hybrid
calculations [66]. A recent report on capture of exotic particles can be found in [67].

Despite being theoretically challenging, the physics of the capture process is be-
lieved to be relatively simple: an antiproton with an energy close to the ionization
energy of an atom interacts strongly via Coulomb interaction with the most weakly-
bound (valence) electron of the atom, resulting the ejection of the valence electron
from the atom, due to the large mass difference between the electron and the an-
tiproton. The antiproton is left in a bound state with a binding energy similar to
that of the ejected electron, which corresponds to a principal quantum number of
nc ∼ n0 =

√
M∗/mene, where M∗ is the reduced mass of the antiproton-nucleus

system and ne is the principal quantum number of the valence electron. The angular
momentum of the captured antiproton l is in general assumed to follow an almost
statistical distribution (P (l) = (2l+ 1)eαl, α ≤ 0.2) [68]. This shows qualitative but
not quantitative agreement with recent theoretical calculations, as shown in the left
panel of Fig. 2.1, which corresponds to the capture of muons by Ne.

State-of-the-art theoretical calculations [69] (shown in the right panel of Fig. 2.1)
predict non-negligible capture cross sections for energies above the ionization poten-
tial of the colliding atom, the cross section increasing with its number of protons.
This process can be understood as the antiproton colliding with multiple electrons
before capture and losing more energy than with only one collision. Unfortunately,
the dependence of the capture cross section on the collision energy has not been
experimentally determined. Given the expected energies of the ion beams to be
used with PUMA, the capture cross section energy dependence may introduce some
uncertainties in the yields obtained. As a first approximation to adress the capture
cross section energy dependence, a parametrization of the results in [63] for radioac-
tive ions as a function of energy E and atomic number Z will be employed. This
parametrized energy-dependent cross section will be convolved with the expected
energy distribution between antiprotons and ions in order to obtain the optimal
energy range for the ion beams, within the limitations of the beam settings. Con-
versely, the yields from PUMA may provide currently missing experimental results
for the energy dependence of the capture process in the range of 10s-100s of eV.

2.1.2 Atomic cascade through the electron cloud

After capture, the antiproton cascades to lower levels through the electron cloud by
successive Auger and radiative transitions. The value of nc at this stage is large
(nc ∼ 100), so annihilation of the antiproton by the nucleus is negligible. Due to the
large value of nc, the most likely transitions nc → nc−1 are Auger transitions, which
result in the emission of low-energy electrons, difficult to measure, so this step of
the cascade is difficult to characterize experimentally, and there are extremely few
experimental publications on the Auger spectra at this stage of the cascade [71].

The LEAR/CERN PS175 experiment has been able to measure the intensity of
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Figure 2.1: (Left) P (l) distribution from semiclassical calculation (bins) and phe-
nomenological fit (dashed line). Figure taken from [70]. (Right) Antiprotonic cap-
ture cross sections as function of center of mass energy for He (circles), Ne(squares),
Ar(up triangles), Kr(down triangles), Xe(diamonds). Figure taken from [69].

various X-ray spectra of three noble gases: Ar, Kr and Xe, in the energy region
corresponding to this stage of the cascade [72]. The occurrence of Auger transi-
tions could be observed indirectly by the variation of the intensity of the peaks,
while the peaks were found to correspond to transitions between orbits embedded
in the electronic cloud via comparison with multiconfiguration Dirac-Fock (MCDF)
calculations.

The findings in this experiment are relevant for the PUMA project, as both
consider low-density environments, where the refilling (capture of electrons from
surrounding atoms and "refill" of vacancies left by ejected Auger electrons) can be
neglected. Refilling is known to play an important role in the population of the
different antiprotonic orbitals so experimental data in a similar electron refilling
regime set a useful benchmark for the calculations to be performed for PUMA.

2.1.3 Atomic cascade after the electron cloud

After going through the electron cloud ejecting most electrons in the atom, the
antiproton continues to cascade down, mostly through radiative transitions.

It is relevant to note that radiative transitions with ∆nc > 1 lead to an increase
in population of the so called “circular states” (nc, l = nc−1) [73], which reduces the
sensitivity to the previous distribution of states P (nc, l) populated through capture
and the previous steps of the cascade. This stage of the cascade is dominated by
high-energy X rays which can be measured very precisely, so a robust understanding
of this stage has been developed, with codes able to reproduce it with significant pre-
cision [74,75]. A member of PUMA was involved in the development of [74], which
was used in the analysis of the experiment LEAR/CERN PS209 [58]. For this anal-
ysis, the initial population distribution was assumed to have the quasi-statistical
shape P (nc, l) = (2l + 1)eαl. nc was taken to be 20, far from the K-shell electron
orbitals. The parameter α was established to be 0.1-0.2 for the studied nuclei, with
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Figure 2.2: Scheme of the antiprotonic decay in a light Z atom. Figure inspired
from that in [73].

a 10% statistical uncertainty. As mentioned above, PS209 showed antiproton anni-
hilation to explore distances 2-2.5 fm beyond the nuclear surface, with a systematic
difference between proton and neutron radii across the nuclear chart. A schematic
of the overall cascade process is presented in Fig. 2.2.

Based on the previous analysis, we plan to perform cascade calculations using
the recently constructed cascade code by T. Koike [76] together with the code [74],
which will be updated by a member of the PUMA collaboration, who was involved
in the original version of the code.

In the current, first stage of the project, we will use the conventional local form
for the antiproton-nucleus potential Vopt [77]:

2µVopt = −4π

(
1 +

µ

M

A− 1

A

)
[b0(ρn + ρp) + b1(ρn − ρp)], (2.1)

where µ is the reduced mass of antiproton and nucleus, A the nuclear mass
number and M the nucleon mass. ρn and ρp are the neutron and proton densi-
ties, normalized to the neutron N and proton Z numbers rescpectively. The same
parameters b0 and b1 from PS209 [58] are used, to study the “halo factor”, heavily
explored in PS209 [68]:

fhalo =
N(p̄n)

N(p̄p)

Z

N

Im(ap̄p)

Im(ap̄n)
. (2.2)

Here, the first factor is the ratio of annihilation events for neutrons divided by the
annihilation events for protons, while the third one is the ratio of the imaginary part
of the scattering lengths for antiproton-proton and antiproton-neutron interaction,
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corresponding to b0− b1 and b0 + b1 respectively. We expect this parametrization of
the annihilation process not to be sensitive to the nature of the nuclear cascade, so
the parameters from PS209 should be applicable for PUMA.

Other inputs in the calculation are:

1. P (nc, l): the initial distribution of the antiproton

2. Auger transition rates

3. Refilling rates

For 1., the quasistatistical distribution will be assumed, as in PS209 [68], analyz-
ing the effect of parameter α, which could be modified due to the different refilling
rates in PUMA and PS209. As for 2. and 3., both are expected to be small in the
low-density environment in PUMA. The effect of the differences in density between
PS209 and PUMA on the halo factor must be assessed. As well, the consistency
between the halo factor obtained from this model and that produced from the final
detection of the pions will be checked. In case significant differences are found, a
unified analysis of cascade, annihilation and final-state interaction will be developed,
to ensure consistency in the analysis of the different steps.

2.1.4 Annihilation

The antiproton nucleon annihilation is a complex QCD process [78]. The final
state results mostly in the production of pions. Branching values of final states
after antiproton-nucleon annihilation have been measured [79, 80]. The main decay
channels are listed in Tab. 2.1.

2.1.5 Final state interactions

Since the annihilation takes place in the vicinity of the nucleus, pions produced after
the annihilation may re-interact with the residual nucleus before being detected with
a variety of processes including absorption and charge exchange, generally labelled
as Final State Interactions (FSI) [81]. The interaction probability of the pions in
the final state with the residual nucleus depends follows a geometrical solid-angle
dependence [82].

This implies that, even assuming 100% detection efficiency for charged pions,
the total charge determination will be biased if FSI are not accounted for.

2.2 Pion detection: analysis method and sensitivity

2.2.1 Overview

With PUMA, we will measure and identify the charge and the multiplicity of charged
pions emitted from annihilations. From these data, we will determine the neutron-to-
proton ratio of annihilations. These observables, with their uncertainties stemming
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antiproton-proton antiproton-neutron
Pion final state Branching Pion final state Branching
π0π0 0.00028 π−π0 0.0075
π0π0π0 0.0076 π−kπ0(k > 1) 0.169
π0π0π0π0 0.03 π−π−π+ 0.0023
π+π− 0.0032 π−π−π+π0 0.17
π+π−π0 0.069 π−π−π+kπ0(k > 1) 0.397
π+π−π0π0 0.093 π−π−π−π+π+ 0.042
π+π−π0π0π0 0.233 π−π−π−π+π+π0 0.12
π+π−π0π0π0π0 0.028 π−π−π−π+π+kπ0(k > 1) 0.066
π+π−π+π− 0.069 π−π−π−π−π+π+π+kπ0(k ≥ 0) 0.0035
π+π−π+π−π0 0.196
π+π−π+π−π0π0 0.166
π+π−π+π−π0π0π0 0.042
π+π−π+π−π+π− 0.021
π+π−π+π−π+π−π0 0.019

Table 2.1: Pion final states for antiproton-proton [79] and antiproton-neutron [80]
annihilation. Not all decay channels are shown and the total sums of the above
branching ratios do not reach 100%.

from the FSI corrections, are the experimental output of PUMA which later on
should be compared to theoretical predictions. On the theoretical side, as already
mentioned in this chapter, the neutron-to-proton annihilation ratio depends intu-
itively on the ratio of neutron and proton densities at the site of the annihilation.
The site of annihilation comes from the decay path of the antiproton after its cap-
ture and the competition between QCD annihilation, and QED electromagnetic and
conversion-electron decays. An overview of the main elements in the measurement
and the interpretation of the data is summarised in Fig. 2.3.

Here we discuss the analysis method and sensitivity to extract the ratio of
neutron-to-proton annihilations from the measurements of charged pions in the fi-
nal state. The development of this analysis tool and its benchmark on intra-nuclear
cascade simulated data, as well as on reference measurements at ELENA is an im-
portant part of the project.

Our method is based on the following philosophy:

• Parameterize the FSI with a model. At this stage we use the four-parameter
(ω±, λ±) model as described in Ref. [83].

• Simulate the detector response for pions, protons, and neutrons coming from
annihilations after FSI.

• Iterate following until convergence.

– Train a neural network to recognise neutron and proton annihilations
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Figure 2.3: Schematics of the connection between measurement, observables and
comparison with theory.

based on the simulated total charge of detected pions and their multiplic-
ity.

– Apply the neural network on data.

– Use the difference between the data and best estimate of the model to
further improve the neural network.

• Apply the neural network on data to obtain the neutron-to-proton annihilation
ratio.

First developments show that the method is sensitive to the neutron-to-proton
annihilation ratio at the level of 5% for the statistics of 103 annihilation events. The
sensitivity has been drastically improved by two orders of magnitude better than
the previous study [83]. This new approach will be tested on intra-nuclear cascade
simulated data and the theoretical uncertainties quantified. The method will be fur-
ther benchmarked on light stable nuclei for which the neutron and proton densities
are believed to present less theoretical uncertainties when computed and for which
exhaustive scattering data are available.

2.2.2 Parameterized model of FSI

We recall here the main ingredients of the method developed in Ref. [83]. Note that
the model was developed by S. Wycech, a collaborator of PUMA. The original idea
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was proposed by Y. Yamazaki, former team leader of ASACUSA and M. Wada,
member of the PUMA collaboration.

The model assumes that the interaction of pions with the residual nucleus re-
sumes in four processes which can be accounted for by four parameters which char-
acterise the probability of an produced pions to encounter the related process:

• the absorption or charge exchange probabilities ω± of π± by the residual nu-
cleus,

• the charge exchange probabilities λ± of π0 to π±.

The double charge exchange reactions can be ignored and, so far, we neglect two-
step processes. In this simple model, the size of the residual nucleus is not con-
sidered as a parameter. The effect of FSI resulting from a choice of parameters
ω+ = ω− = λ+ = λ− = 0.1, is illustrated in Tab. 2.2 and Tab. 2.3.

M\Σ −5 −4 −3 −2 −1 0 +1 +2 +3 +4
0 0 0 0 0 0 2993 0 0 0 0
1 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 40239 0 0 0 0
3 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 52118 0 0 0 0
5 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 4650 0 0 0 0
7 0 0 0 0 0 0 0 0 0 0
8 0 0 0 0 0 0 0 0 0 0
9 0 0 0 0 0 0 0 0 0 0

Table 2.2: Simulated histogram of the multiplicity of primordial charged pions (M)
and the total charge (Σ) for 105 p̄+ p events.

A first simulation of the effect of FSI on measured charge (Σ) and multiplic-
ity (M) is shown in Fig. 2.4, as a function of different assumptions for the charge
exchange (λ±) and absorption (ω±) probabilities. Fortunately, the FSI can be cor-
rected from the redundancy of the measurement: the observable from PUMA will
be the two-dimensional matrix giving the number of events as a function of M and
Σ. The matrix contains both the information on the neutron-to-proton annihilation
ratio and FSI effects. At this stage the expected accuracy of these simulations is
5% on the neutron-to-proton annihilation ratio from 5× 105 antiprotonic atoms as-
suming 80% detection efficiency of charged pions (See Chapter 7).

2.2.3 Machine learning

We use a simple neural network to determine the initial neutron-to-proton annihi-
lation ratio from M -Σ data matrices. The neural network is illustrated in the left
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M\Σ −5 −4 −3 −2 −1 0 +1 +2 +3 +4
0 0 0 0 0 0 1697 0 0 0 0
1 0 0 0 0 2913 0 2982 0 0 0
2 0 0 0 945 0 22641 0 993 0 0
3 0 0 107 0 11372 0 11414 0 132 0
4 0 16 0 1457 0 28930 0 1502 0 6
5 0 0 63 0 4668 0 4582 0 70 0
6 0 1 0 249 0 2574 0 247 0 1
7 0 0 6 0 203 0 217 0 6 0
8 0 0 0 0 0 4 0 0 0 0
9 0 0 0 0 0 0 0 0 0 0

Table 2.3: Simulated histogram of the multiplicity and the total charge with the
final state interactions. ω± = λ± = 0.1.

Figure 2.4: Distortions of the charged-pion production as a function of charge
exchange, absorption and proton-over-neutron density ratio. The figure is taken
from [83].

part of Fig. 2.5: it consists of an input layer with 100 nodes (ai) corresponding
to 10 × 10 elements of a M -Σ matrix, one hidden layer with 100 nodes (bi), and
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Figure 2.5: (Left) Scheme of the adopted neural network. The input matrix A is the
two-dimensional M -Σ matrix characterizing the measured charged pions. (Right)
Convergence of the training procedure to fit the function that links the M -Σ matrix
to the deduced n/p annihilation ratio (xguess), to be compared to the exact value
xtrue with the number of training repetitions.

an output layer with one node (xguess) providing the neutron-to-proton ratio. Each
node is calculated as

bi =
∑100

j=1wijaj,

xguess = f(
∑100

j=1w
′
ijabj), (2.3)

where f(x) is a so-called activation function which allows the neural network to solve
non-trivial problems. The neural network has parameters of about 104 (weights wij
and w′ij in Eqs. 2.3). These parameters are determined through the training using
the 10× 10 M -Σ matrices with different n/p ratios.

The neural network is implemented by using the deep-learning library Tensor-
Flow [84] and the high-level neural networks API Keras [85]. The so-called Adam
optimizer [86] is used for faster convergence. We observe a convergence of the fitting
procedure after ∼ 102 repetitions. The convergence is illustrated on the right part
of Fig. 2.5. It shows, for example, that when the neural network is trained with ma-
trices with a statistics of 10000 simulated annihilations, the fitted function finds the
proper n/p ratio with a precision better than 98%. Note that this accuracy is for a
test data set simulated with the same model and parameters as the training samples.

One can first investigate to what accuracy the n/p annihilation ratio is obtained
by applying the trained neural network. This is shown on the left panel of Fig. 2.6:
already with 100 annihilation events, the n/p annihilation ratio is found with a pre-
cision of 85% for the set of parameters and detection efficiency considered above.
For a statistics of 104 events, the precision reaches 99%.
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The principal limitation of this method is the uncertainty coming from the model
dependence of the FSI. We investigated the dependence of these parameters for
variations of ±100% around the values ω± = λ± = 0.1. The dependence is found
to be relatively small: by varying one parameter by ±100%, the precision of the
n/p-ratio extraction varies a maximum of 20%, as illustrated for a variation of ω+

on the right panel of Fig. 2.6.
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Figure 2.6: (Left) Mean standard deviation of the extracted n/p ratio from the
analysis compared to the initial value, as a function of the statistics of the analysed
sample. Initial data and the training sample were simulated with the same model.
(Right) Illustration of the sensitivity to model parameters. In the shown case, the
data sample was simulated with 104 annihilation events, model parameter ω+ is
varied from 0 to 0.2. All other parameters were taken as the training samples, i.e.
ω− = λ± = 0.1.

2.2.4 Recursive machine learning (ongoing)

The neural network is trained by using the Monte-Carlo samples based on the four-
parameter model described above. The model parameters ω± and λ± are empirically
determined by fitting the experimental data. These parameters have a typical un-
certainty of 100% coming from a disagreement of the data. As discussed above,
this uncertainty results in 20% error in the estimation of the neutron-to-proton
ratio. Figure 2.7 shows the estimation of the neural network for data generated
with two different sets of model parameters. If the model parameters used for the
training of the neural network are close to those used for the evaluation, the error
in the calculated neutron-to-proton ratio has no dependence on the true value of
the neutron-to-proton ratio used for generating the Monte-Carlo samples. However,
the error in the calculation has large correlation with the true value, and of course
becomes large, if the different model parameters are used for the training and the
evaluation. It is important to find realistic model parameters for the training in
order to minimize the error in the calculation of the neutron-to-proton ratio.
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Figure 2.7: (Left) The error of the evaluation of the neutron-to-proton ratio by the
neural network. The horizontal axis shows the neutron-to-proton ratio. The neural
network is trained with Monte-Carlo samples with parameters of ω± = λ± = 0.1 and
its performance is evaluated with the same parameters. (Right) The performance is
evaluated with samples with parameters of ω+ = λ+ = 0.1, ω− = λ− = 0.2.

The model parameters ω± and λ± cannot be directly determined from the ex-
perimental data because they are not observable. However, they can be indirectly
obtained from the obtained M -Σ matrix since it contains all the information of the
FSIs as well as the neutron-to-proton ratio. If the model parameters are not real-
istic, the model cannot reproduce the experimentally-obtained M -Σ matrix. Thus,
it is expected that the model parameters can be determined without any a priori
information by minimizing the difference between measured and predictedM -Σ ma-
trices. The M -Σ matrices generated with different model parameters are shown in
Tab. 2.4 as an example.

M\Σ −5 −4 −3 −2 −1 0 +1 +2 +3 +4
0 0 0 0 0 0 1384 0 0 0 0
1 0 0 0 0 2696 0 4079 0 0 0
2 0 0 0 1403 0 18331 0 2188 0 0
3 0 0 284 0 12946 0 13783 0 280 0
4 0 27 0 2993 0 23029 0 2035 0 18
5 2 0 313 0 6414 0 4189 0 111 0
6 0 21 0 634 0 2116 0 232 0 3
7 0 0 20 0 312 0 142 0 5 0
8 0 0 0 3 0 4 0 0 0 0
9 0 0 0 0 0 0 0 0 0 0

Table 2.4: Simulated histogram of the multiplicity and the total charge with the
final state interactions. ω+ = λ+ = 0.1, ω− = λ− = 0.2.
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The model parameters for the training are improved by minimizing the “distance”
∆ between the experimental data and the model. Herein the Euclidean distance is
employed for the simplicity:

∆ =

√∑
i,j

∣∣aij − a′ij∣∣2, (2.4)

where aij and a′ij respectively represents the elements of the M -Σ matrices obtained
experimentally and the one predicted by the model.

The experimental data are imitated by the Monte-Carlo simulation with the
parameters of ω± = λ± = 0.1, the neutron-to-proton ratio of 0.5, and the number of
annihilation events of 104. The ∆ distribution as a function of ω− and λ− is shown
in Fig. 2.8. The ∆ has a minimum at ω− = λ− = 0.1. It is demonstrated that
the model parameters are determined within the error of 10%, corresponding to the
uncertainty of the neutron-to-proton ratio of 2%.
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Figure 2.8: The distance ∆ distribution as a function of ω− and λ−. Other param-
eters are fixed as ω+ = λ+ = 0.1

.

This method will be further benchmarked by using more realistic event generator
based on the intra-nuclear cascade calculation described below. At this stage, we
are confident that the proposed together with the high tracking efficiency of PUMA
will allow an uncertainty on the neutron-to-proton annihilation ratio better than
10% for a statistics of few thousand annihilations, the target of PUMA.

2.2.5 Intra-nuclear annihilation model

Antiproton-induced reactions with heavy ions have already been implemented to
intra-nuclear cascade codes [87–89]. At our knowledge, there is no available simu-
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lation code today for antiproton-nucleus annihilation at rest. We implemented this
feature inside the Intra-Nuclear Cascade of Liège (INCL) developed over the past
decades [90–92], mostly for spallation studies at intermediate energies.

The initial conditions are set as follows:

• the loci of annihilation are drawn in a pre-defined range, for example between
2 and 3 fm

• the user can decide if the annihilation should occur with a proton or a neutron.
A data sample with a given n/p annihilation ratio can be obtained by mixing
proton and neutron annihilation events

• the annihilation occurs with the nucleon closest to the randomly chose anni-
hilation radius

• the decay channel is chosen according to experimental tables for p̄p and p̄n
annihilations

• the resulting pions (π±’s and π0’s) are randomly emitted in the phase space
ensuring energy conservation

The final state interactions are taken care by the INCL version we used, without
any modification on our side. In INCL, the pion-nucleon interactions are defined
from experimental data. An example of the quality and momentum dependence is
shown in Fig. 2.9 where the π+ production from the interaction of antiprotons at
900 MeV/c with a nucleus of 12C is shown.

Figure 2.9: Inclusive π+ production cross section from p̄ + 12C at 608 MeV/c. The
cross section is given as a function of the pion energy in the final state. Data are
compared with two INC calculations. Figure taken from [88].
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2.3 Foreseen developments

2.3.1 Model and analysis tools

Treatment of final state interactions

• The parameterized model used to teach the machine learning algorithm will
be further developed, in particular by the addition of the nucleus-mass depen-
dence of the FSI following the work of [82].

• An analysis method to extract the net annihilation charge from measured
pions total charge and multiplicity will be developed and benchmarked on test
cases (e.g. light N=Z nuclei, where neutron and proton charge distribution
are expected to be the same). To do so, the implementation of antiproton
annihilation on nuclei has been recently added into the INCL intranuclear
cascade code. Realistic simulations with the design of the PUMA trap will
be performed and the accuracy of the developed method to recover the initial
proton-to-neutron annihilation ratio will be estimated. A postdoctoral fellow
will be hired from September 2018 to focus specifically on this aspect.

• The algorithm, that can be based on standard fit or more refined neural-
network techniques will be implemented using simulated data. The annihi-
lation simulation will be coupled to a realistic simulation of pion detection
within the GEANT4 framework. Later on, the algorithm can be applied to
extract the ratio of proton over neutron charge for annihilation on light N=Z
nuclei (α, 12C), where the ratio is expected to be close to unity. Note that
data on different isotopes will allow relative comparison and reduce systematic
uncertainties.

Uncertainty coming from the background

• The amount of the residual hydrogen and helium gases can be comparable with
that of the target nuclei. This will introduce an additional uncertainty in the
neutron-to-proton ratio. A very preliminary estimation shows this uncertainty
is comparable with the other ones if the signal-to-noise ratio is better than
1. This will be further investigated with the realistic simulations of PUMA
including the surrounding equipment.

2.3.2 Ab-initio antiproton-nucleus interaction models

On the theory side, collaborators will contribute to PUMA in developing several
aspects related to antiproton-nucleus systems, as detailed below in the order of in-
creasing difficulty.

• As a first step, we aim to compare the existing NN̄ interaction models. They
may be classified in two main groups depending on the way they treat the anni-
hilation process: the optical models or the unitary coupled-channel approach
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were annihilation is taken into account by including explicit meson-meson
channels coupled to NN̄ in a unitary scheme. From the optical models side,
these are: Dover-Richard [93], Khono-Weise [94], the updated (2009) version
of the Paris potential [95] and the recently developed chiral-effective theory
inspired potential by Haidenbauer and collaborators [96].

An alternative to the optical model approach is the unitary coupled channel
model which can lead to substantial differences in the short range parts of
wave functions. We have at our disposal this model developed in another con-
text [97,98], which will be updated for the low energy physics case.

The main interest of this initial step is to understand the stability of the
theoretical predictions in describing the annihilation process in the simplest
system including antiparticles: protonium [99]. This implies computation of
lower p̄-p orbits with the different potentials as well as the corresponding
annihilation densities γα(r) for the lowest states α = {LSJ} [99]. These
quantities are related to the spatial distribution of the annihilation process,
whereas their overlap integrals provide the total width of the state. They
can be obtained in terms of the state wave function Ψα and the annihilation
interaction. In the optical model, it reads

Γα =

∫
dr γα(r) γα(r) = Im [VNN̄(r)] | rΨα(r) |2 . (2.5)

• A second step consists in computing the p̄-A (antiproton-nuclei) Coulomb or-
bits in the few lightest nuclei for which an exact numerical ab-initio solution is
accessible. To this aim the Faddeev-Yakubovsky [100,101] equations in config-
uration space will be solved. Our present technology allows us to solve A=2,3,4
and 5 problems [101] accounting for the different asymptotic channels. This
limits the Faddeev-Yakubovsky approach to the following stable nuclei: 2H,
3H, 3He and 4He. The first results in the p̄ −2 H case, showed however that
the calculations are very challenging and it is not clear that this full program
could be achieved using the last approach.

After obtaining the exact solution in a few test nuclei, we will make use of
another ab-initio computation technique for scattering and continuum states,
based on the No-Core Shell Model [102]. This method has been successful
in describing reactions of a neutron (proton) impinging on a light to medium
mass nuclei, up to A ∼ 12 [103]. This will allow us to study the evolution of
low-energy antiproton-nucleus towards heavier and exotic systems aimed by
the PUMA project.

At the end of this step we will have computed a set of nuclei for which the
widths of the antiprotonic Coulomb orbits can be directly computed with no
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other approximation than the ones included when developing fundamental
models of the N̄N interaction.

• Having at our disposal the exact solution for the simplest nuclei, the third
and crucial step will consist in validating the results of the p̄-nucleus (p̄-A)
optical potential approach [68, 104, 105], which is one of the key points of the
PUMA project. This approach is indeed based on the assumption that the
p̄-A optical potential is directly related to the nuclear density ρ(r) by means
of expressions like

V (r) =
2π

µpA
ap̄p ρ(r) (2.6)

where ap̄p is the scattering length and the µpA denotes the reduced mass of the
p̄-A system. Furthermore, it assumes that a p̄-A potential constructed in this
way is able to reproduce the corresponding antiprotonic widths.

It is worth to emphasize that this ansatz has never been tested in the case
where all the terms can be exactly computed. To confirm or infirm the validity
of (1), and eventually determine what kind of corrections would be required,
will constitute a major contribution to the PUMA project.

2.3.3 Antiprotonic decay

Concerning the decay of the antiprotonic atom, the following steps will be performed:

• Setting and running the existing cascade code, first by the use of an antiproton
optical potential with relatively simple, tentatively phenomenological, nuclear
surface density distributions. LEAR data will be used to benchmark this step.

• Recent potential forms and parameters from [77] will be used to further refine
the model.

• Improving the simple nuclear surface density distributions by the use of other
microscopic density predictions, especially on the proton and neutron contents
of the nuclear surface. The uncertainties stemming from the antiprotonic atom
formation and decay will be evaluated, first assuming p̄− A potentials of the
existing literature.

• If sensitivity to the inputs for the potentials is found to be strong a unified
analysis of cascade, annihilation and final-state interaction will be developed
to ensure consistency.
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Chapter 3

Device overview

Before describing in more details each part of the PUMA experiment, we give here
a short overview of the setup. PUMA will integrate several functions in one trans-
portable device: solenoid and traps for storage and devices, vacuum pumps, elec-
tronics for the trap operation and plasma diagnostics, annihilation detection and its
electronics, compressors and cold heads for the solenoid and trap, UPS, batteries and
chiller to cool the compressors during transport. All these functions are integrated
into two frames:

• A main frame containing the solenoid, trap and all function necessary to the
operations of PUMA.

• An annex frame for the UPS, batteries and chiller.

The full system is 5.5 meter long, 2.7 meter height and 1.9 meter wide. The two
frames can be disconnected. The main frame is 3.5 meter long, while the annex
frame is 2 meter long. The dimensions are fixed by external constrains: the length
of 5.5 meter is limited by the delivery zone of ELENA and ISOLDE. The height of
2.7 meter is the standard height of containers. It is limited by the roof height of the
experimental zone at TU Darmstadt and by the crane operations at ELENA. The
total weight of PUMA is estimated to 7.5 tons decomposed as follows: 4.5 tons of
solenoid (mostly the passive shielding), 1.5 tons of devices and 1.5 tons of frame.
The total electrical power consumption of the device is estimated to 45 kW with a
maximum consumption of 70 kW. The devices (trap not included) to be incorpo-
rated inside the frame are listed in Tab. 3.1.

The PUMA experiment consist of one solenoid and one double trap inside a
unique 4K cryostat. We underline this point because the SPSC [8] suggested to
investigate the option of having two separate traps in two separate solenoids, one
for collisions and one for storage and transport. Historically, the two-solenoid option
was first investigated in 2014 at the birth of the PUMA idea and was abandoned
quickly: it is indeed believed that one unique system has several advantages which we
summarize here and which will find further justifications in the following chapters:

39
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• Both the antiproton storage and the annihilation measurement require a vac-
uum of 10−17 mbar. One unique 4K cryostat separated by a conductance
reduction pipe guarantees the best experimental conditions for PUMA.

• For safety during transport and flexibility of operation, we chose a cryogen-
free option. This implies that the transport frame hosts, in addition to the
solenoid, compressors and electronics, an UPS, batteries and a chiller for cool-
ing. The gain of switching from one large solenoid to a smaller one dedicated
to transport only would not make the experiment small.

• The use of two solenoids would require an additional XHV transfer line between
them, additional XHV efforts to create two separate regions at 10−17 mbar for
transport and collisions, as well as additional alignment efforts between the
two traps.

Frame Content Power Weight
(kW) (kg)

Main: 1.9× 3.5× 2.7m3 Solenoid cryostat and cryocoolers,
magnet power supply and quench
detectors, trap electrodes and cryo-
stat (inside the solenoid bore), trap
cryocoolers and HV supplies, rotat-
ing wall drive, waveform generators,
trap control crate, vacuum pumps,
TPC detector and electronics, gas
bottle

50 5500

Annex: 1.9×2.5×2.7m3 Chiller, UPS, batteries, power sup-
ply panel

20 1500

Total - 70 7000

Table 3.1: Description, power consumption and weight of the main devices inside
the PUMA frame.

A conceptual 3D representation of the full PUMA system is shown in Fig. 3.1.



41

3500mm 1800mm 1900mm

27
00
m
m

5500mm

Figure 3.1: Conceptual 3D view of PUMA. The two frames can be separated. The
dimensions of PUMA are 5.5m× 2.7m× 1.9m.
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Chapter 4

Vacuum

PUMA aims at storing one billion antiprotons with a plasma half life in the storage
trap better than 30 days, the typical duration of an experimental cycle of trapping
at ELENA, transport to ISOLDE and performing physics experiments with radioac-
tive ions at ISOLDE. To achieve this, an extremely high vacuum (XHV) of about
10−17 mbar, corresponding to a residual gas density of ngas ≈ 20 cm−3 in the stor-
age trap is targeted. The XHV will be obtained by cryopumping. In addition, the
vacuum level in the collision trap, where the interaction between antiprotons and
the radioactive ions will take place, should also reach the same level of vacuum to
prevent background from annihilation with the residual gas.
After a short reminder of XHV considerations, we discuss in this chapter the hy-
drogen isotherms at low pressure, the key physics ingredient for the PUMA vacuum
concept, and its parameterisation. First simulations of the vacuum in the PUMA
trap are then detailed.

4.1 Vacuum concepts

4.1.1 Lifetime of the antiproton plasma

The lifetime of the antiprotons plasma and the molecular density in the trap are
related. We assume the following capture cross section of antiprotons on molec-
ular hydrogen, which is likely to be the dominant process in a cryogenic vacuum
system [106–108]

σ = 3πa2
0

√
27.2 eV
E

, (4.1)

where a0 = 5.3 × 10−11 m is the Bohr radius of the hydrogen atom and E the
kinetic energy of the antiproton in the centre-of-mass system. The annihilation
probability Γ is given by [108]

Γ =
1

τ
= ngasvσ, (4.2)
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where v =
√

2E/mp is the antiproton velocity. The lifetime τ of the antiproton
plasma relates to the residual gas density via [108]

ngas =
1

τ

(
3
√

2πa2
0 ×

√
27.2 eV
mp

)−1

≈ 1

τ

(
5.2× 108

)
s · cm−3. (4.3)

Considering the equation of state for ideal gases PV = nRT , one gets equivalence of
τ , ngas and P of Tab. 4.1. According to Tab. 4.1, we would need a pressure of at least
10−16 mbar to keep the antiproton plasma for 30 days. However, as described along
this chapter, a more realistic pressure to be achieved for the antiproton plasma at 4K
is 10−17 mbar, corresponding to ngas = 20 cm−3, which is the maximum amount of
gas particles we should allow to achieve a low rate of residual-gas-induced annihila-
tions. The half life of the antiproton plasma after which half of the initial amount of
antiprotons has annihilated relates to the lifetime through the relation t1/2 = ln(2)τ .

ngas τ P
(cm−3) (days) (mbar)
200 30 10−16

20 300 10−17

Table 4.1: Equivalence between the pressure P , the molecular volumic density ngas
at 4K and the lifetime τ of the antiproton plasma. The density and lifetime have
been rounded to the closest decade.

4.1.2 Cryopumping

To satisfy the above requirements, the concept of PUMA is based on cryopumping
on the 4 K surface of the trap electrodes and cryostat. The extreme vacuum is
maintained as long as the surface density of adsorbed molecules on the walls of the
trap does not exceed a critical value given by the H2 isotherm at the temperature
of the trap.

Cryopumping relies on two main pumping mechanisms: cryocondensation and
cryosorption. Cryocondensation is based on the intermolecular Van der Walls forces
which are strong enough to maintain molecules bound together when the tempera-
ture is low enough (see Fig. 4.1). The key property is the saturated vapour pressure
Pv, i.e. the pressure of the gas phase in equilibrium with the condensate at a given
temperature. The lowest pressure attainable by cryocondensation is limited by the
saturated vapour pressure. Among all gas species, only Ne, H2 and He have Pv

higher than 10−11 mbar at 20 K. The saturated vapour pressure of H2 at the liquid
He boiling temperature is in the 10−7 mbar range at 20 K, and is 10−12 mbar at 1.9 K.
The quantity of gas that may be cryocondensed is very large and limited only by the
thermal conductivity of the condensate. Cryosorption, on the other hand, is based
on the attraction between gas molecules and the substrate. The interaction forces
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with the substrate are much stronger than those between similar molecules [109]. As
a result, providing the adsorbed quantity is lower than one monolayer, the sojourn
time is much longer and gas molecules are pumped at pressure much lower than the
saturated vapour pressure. A significant quantity of gas may be pumped below one
monolayer if porous materials are used; for example, in one gram of standard char-
coal for cryogenic application, about 1000 m2 of surface are available for adsorption.
Carbon coating increases the effective surface of a metal substract by a factor one
hundred [110].

Figure 4.1: Schematic drawing depicting (left) submonolayer cryosorption, where the
pumping is based on molecule-substrate interactions; and (right) cryocondensation,
where the leading mechanism is intermolecular interaction. Figure from [111].

One technical objective of PUMA is to minimize the number of gas molecules
entering the croystat and keep the system in the sub-monolayer regime as long as
possible. To do so, the design of the cryostat of the trap is crucial. A conduction
reduction and a "cryogenic gate" (see section 4.5) at the entrance of the cryostat
will be used to limit the rate of residual gas molecules entering the trap, while at
the entrance of the cryostat we aim at a pressure of 10−11 mbar.

4.2 Isotherms

At equilibrium, the residual gas density in the cryostat depends on three main
factors: the temperature of the cold surface, its effective area and geometry, and
the molecular occupation of this surface. The partial pressures of all relevant gas
species at temperature levels of liquid Helium (T = 4.2K), achieve the saturation
vapor pressures of Pv < 10−12 mbar, except for hydrogen and helium. All gas species
heavier than hydrogen and helium are pumped by cryocondensation.

The isotherm for a specific molecule on a specific substrate gives the relation of
the surface coverage and the vapour pressure. If the surface coverage ratio Θ = S/Sm

between the actual surface coverage S and the maximum monolayer capacity Sm is
lower than unity, the pressure at equilibrium will be lower than its saturation pres-
sure. This ratio depends only on the surface temperature and the surface coverage.
This relationship is described by an adsorption isotherm depending on Sm and P at
a constant temperature. At Θ ≈ 1 the given pressure rises up to its temperature
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Figure 4.2: H2 adsorption isotherms at 4.2 K on Pyrex, Stainless Steel, and Cu
plated Stainless Steel. Figure from [124].

dependent saturation vapor pressure [112].

There are different models for adsorption isotherms. Examples are Henry’s
law [113,114], the Freundlich equation [115] and the Brunauer-Emmet-Teller (BET)
isotherm equation [116, 117], which all describe the isotherms for different temper-
atures and different pressures. The physisorption isotherms for low temperatures
in the submonolayer region are described by the Dubinin-Radushkevich-Kaganer
(DRK) equation [118–122], which is

ln(Θ) = −D [kB · T · ln (P0/P )]2 (4.4)

where T is the temperature, kB is Boltzmann’s constant and D is an empirical
constant depending on the given adsorbent-substrate system. Furthermore P cor-
responds the equilibrium pressure and P0 is the saturated vapour pressure. D has
an energy unit (eV−2) and is linked to the vaporization heat of the adsorbate [113]
and is also called the "DR energy" (Dubinin-Radushkevich energy) [123].

The adsorption isotherms of H2 on pyrex, stainless steel, and Cu plated stainless
steel measured at CERN [124] are shown in Fig. 4.2. All three isotherms in this
figure can be divided into three parts: a plateau area, where the isotherms reach the
saturated vapour pressure, a cliff area where the isotherms have a steep rise, and,
at lower pressure, the DRK region where the DRK equation is considered the best
model to extrapolate the isotherms at pressures lower than ∼ 10−9 mbar.
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Figure 4.3: DRK model fit at 4.2K of the last four points (red), five points (green)
and six points (blue) from Fig. 4.2 for Cu plated stainless steel. The uncertainty
band due to the extrapolation with the DRK model is shown by the green band.

In cryopumped XHV systems (below 10−12 mbar), hydrogen is typically the most
dominant residual gas. For PUMA, we consider the H2 isotherm data points mea-
sured at 4.2K by Wallén [124] for Cu plated stainless steel and extrapolate the
values to lower pressures. Data have been measured to 10−11 mbar and do not cover
our XHV region of interest. To calculate the pressure P depending on the surface
coverage S for the extrapolation, Eq. (4.4) can be reformulated as:

P = P0 · exp

[
−
√
− ln (S/Sm)√
D · kB · T

]
. (4.5)

The result of the extrapolation with Eq. (4.5) are pictured in Fig. 4.3 where
fits considering the last four (red), last five (green) and last six points (blue) from
Fig. 4.2 for Cu plated stainless steel are shown together with the uncertainty bands
(light green area) coming from the fit with five points. Pictured is the confidence
level of one standard deviation which leads to large uncertainties. Although the fits
indicate a maximum of ∼ 3 · 1013 molecules cm−2 on the cold surface of the trap
electrodes and cryostat, the uncertainties are too large to be conclusive.

We therefore used instead data measured by Chill, Wilfert and Bozyk at GSI [112].
They measured H2 adsorption isotherms in a temperature range between 7K and
18K. Their data (straight curves) are pictured in Fig. 4.4, where it is easily seen that
all pressure measurements saturate below P < 4 · 10−10 mbar, showing limitations
in the measurement. The high quality of the data allows to extrapolate an isotherm
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at 4.2K. A vapour pressure of P0 = 4.25× 10−7 mbar for H2 was used [125], and an
effective monolayer surface density Sm = 6.45× 1014 cm−2 and D = 1.29× 1041 J−2

(corresponding to B = 3075 eV−2) from reference [112] were used.

Figure 4.4: Measured adsorption isotherms of H2 on an electropolished stainless
steel surface for temperature 17.9 K, 15.1 K, 13.7 K, 11.3 K, 9.1 K, 8.1 K and 7.3 K
(straight curves). The dashed curves are fitted theoretical isotherms calculated
according to the DRK model. Figure from [112].

The extrapolation down to 10−17 mbar still generates large uncertainties which
will lead to uncertainties in the lifetime of the antiproton plasma for a given cryostat
geometry. It is therfore essential to measure the isotherms at lower pressure.

4.3 Initial conditions and outgassing

The phenomena of diffusion and outgassing are important throughout the pressure
range we are operating in PUMA. Adsorbed particles, can migrate into a solid by
skipping to interstitial sites or lattice defects or by moving along grain boundaries
of crystallites. This effect is temperature dependent, because the particles require
energy for every position change an activation energy Edif. Diffusion is caused by a
concentration gradient dndis/dx and features after Fick’s fist law a particle flow rate
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jdif:

jdif = −Ddndis
dx

. (4.6)

Here, ndis is the density of dissolved particles and x the path length. D is the so-
called diffusion coefficient. The amount of absorbed gas particles can be much larger
than the amount of adsorbed gas particles, because the number of sites available
inside the solid is clearly much larger than on the surface of the solid [114]. During
steel production a large amount of H2 from the atmosphere dissolves in the steel
[126]. This hydrogen in stainless-steel vacuum systems diffuses out and is the main
source of residual gas in baked-out, ultra-high vacuum systems [114]. According to
Kiuchi and McLellan [127], the hydrogen diffusion in steel can be expressed as a
Arrhenius law following

D = D0 · exp

(
−Edif

RT

)
(4.7)

where R denotes the ideal gas constant, T the temperature, with D0 = 7.3 ×
10−8 m2 · s−1 and Ediff = 5.69 kJ/mol. According to Eq. (4.7), one gets D ∼
10−40 cm2 · year−1 for hydrogen in steel at 4 K. One can therefore legitimately con-
sider that outgassing at 4 K is negligible. On the other hand, one may wonder what
is the resulting surface coverage of the cryostat after the cooling phase.

In the following, we propose an order-of-magnitude estimate which shows that
the residual gas present in the cryostat at the beginning of the cooling phase leads to
a negligible contribution to the surface coverage. We assume the following cryostat
conditions while cooling: a pressure of 10−7 mbar, volume V = 5 l, an effective inner
surface S = 0.5 m2. At equilibrium and considering the perfect gas relation, this
pressure corresponds to an amount of molecules in the volume of

N =
PV

kBT
∼ 2× 1012, (4.8)

where T = 300K, before cooling, is taken.

If one considers this amount of molecules to contribute uniformly to the surface
of the cold surface when cooled to 4 K, one gets a surface density of 108 molecules
per cm2, very small compared to the value corresponding to 10−17 mbar, as extrap-
olated from the H2 isotherm. We therefore conclude that the contribution of the
initial residual gas molecules present in the cryostat before cooling is negligible for
PUMA.

4.4 Simulations

The storage time of the antiprotons inside the trap is a function of the residual
gas flow entering the cryostat and the cryo-pumping capacity of the trap. To limit
the amount of residual gas molecules in the cryostat, a conductance pipe will be
implemented. The dimensions of the conductance pipe are first considered to be
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L = 10 cm (length) and D = 1 cm (diameter). These dimensions are not optimized
yet and should be further tuned to the beam emittance at ISOLDE. For these
dimensions the transmission probability α will be [128]

α =
1

1 + 3
4
· L
D

= 0.12 ≈ 12 %. (4.9)

We consider incoming molecules at T = 300K at the entrance of the pipe. The rate
of molecules J entering the conductance pipe from outside can be calculated as

J =
P√

2π ·M · kB · T
· S, (4.10)

where kB denotes the Boltzmann’s constant, M = 2 ·mp the mass of the entering
H2 molecules, S = π · (D/2)2 the surface area of the entrance and P = 10−11 mbar
the pressure outside the cryostat. With the given values, the rate of molecules per
unit area can be calculated as

J

S
≈ 1014 s−1 ·m−2. (4.11)

By using the ideal gas law PV = NkBT it is possible to calculate the particle
generation rate Q at the entrance of the conduction pipe for the simulations which
is comparable to a pressure of 10−11 mbar outside the cryostat. For the given values,
Q can be calculated as

Q =
J

S
· S · kB · T = 3.48 · 10−10 mbar · l

s
(4.12)

This particle generation rate was used in the following simulations.

For a first rough estimate of the time necessary to reach a pressure of 10−17 mbar
at equilibrium in the cryostat, we assume

• the residual gas molecules entering the cryostat are uniformly distributed over
the inner surface,

• a sticking factor of unity for the molecules hitting the wall,

• an inner surface of 0.5 m2 for the cryostat.
Under these assumptions, considering the above rate of incident particles of αJ =
7.8 × 109 molecules per second and that 5 × 1014 molecules per cm2 (extrapolated
from the DRK model with the above-considered parameters from [112, 125]) corre-
spond to an equilibrium pressure of 10−17 mbar, one gets a time period of 10 years
until 10−17 mbar is reached. This value is much larger than the PUMA core objec-
tive of 30 days.

Although this first estimate gives an indication that the PUMA concept for the
vacuum is realistic, it is simplistic in several aspects and realistic simulations are
therefore necessary. To estimate if the vacuum concept for PUMA can satisfy the
requirements of the experiment, Monte Carlo simulations with Molflow+ [129, 130]
and COMSOL Multiphysics [131] were performed.
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4.4.1 Molflow+ Simulations

The Monte-Carlo software Molflow+ allows to calculate the pressure in a complex
geometry when a molecular flow regime is met, i.e. when the mean free path of
gas molecules is so long compared to the geometry size that collisions between the
molecules can be neglected. In this case, the gas molecules fly independently, which
makes this phenomena particularly suitable for Monte Carlo simulations. Desorp-
tion and reflection directions are generated in the same manner following the cosine
law. The absorption on a surface is driven by a sticking parameter to be given as
an input of the simulation.

Simulations with Molflow+ were performed to obtain the time at which the
limit surface density corresponding to 10−17 mbar is reached, estimated from the H2

isotherm extrapolation at 4 K. The Molflow simulations do not allow the inclusion
of isotherms at varied time steps.

For the Molflow+ simulations a simplified geometry of the cryostat was used,
pictured in Fig. 4.5. This cryostat is divided in three areas: The conductance pipe,
the collision trap region and the storage trap region. All three parts in the simula-
tion are simplified as cylinders with different diameters. The dimensions of the areas
are not entirely fixed and depend on the results of the calculations and simulations
which are ongoing.

To estimate the maximum lifetime of antiproton plasma in the cryostat the
impingement rate given in m−2· s−1 along the inner surface of the cryostat was
computed. The lifetime is calculated by considering the highest value for the im-
pingement rate in the whole cryostat. For the simulations, a sticking factor of 1, 0.9,
0.8 or 0.5 for collision and storage trap is used. At low surface coverage, a sticking
factor of 0.5 is expected [132]. The sticking factor in the conductance pipe was taken
as zero, assuming that the walls of the pipe would saturate very fast and a strong
drop of the sticking factor in this region is expected soon after the start of operations.

A temperature of 4 K for the cryostat, and a particle generation rate at the
entrance of the conductance pipe of 3.48 × 1010 mbar · l · s−1, comparable to a
pressure of 10−11 mbar at the entrance of the cryostat, has been implemented. The
simulations computed the maximum time in days until the number of molecules
equivalent to a pressure of 10−17 mbar and 10−18 mbar cover the surface. In Fig. 4.6
the impingement rate as a function of position in the collision area is pictured. The
incoming particles enter the collision area from the left hand side. The highest im-
pingement rate is measured at x = 20mm (9× 1010 cm−2· s−1), which was expected
for the simulated conditions: incoming particles with a uniform momentum distri-
bution from the conductance pipe with a sticking factor of zero, enter the collision
region and hit the walls very close to its entrance, which has a sticking factor of one.
First results are given in Tab. 4.2.
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Figure 4.5: Dimensions of the cryostat which were used for Molflow+ simulations.
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Figure 4.6: Impingement rate as a function of position in the collision area
(x = 0 mm corresponds to the exit of the conductance pipe). Particles enter
from the left hand side with sticking factor unity for collision trap.
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Sticking
factors Max. imping. rate Max. time (days)

(cm−2· s−1) 10−17 mbar 10−18 mbar
0-1-1 9 · 106 635 603

0-0.9-0.9 8 · 106 716 681
0-0.8-0.8 8 · 106 722 685
0-0.5-0.5 8 · 106 847 804

Table 4.2: Molflow+ simulations of the maximum impingement rate on the cold
surface of the cryostat and of the time period for which vacua of 10−18 mbar and
10−17 mbar can be maintained with a trap geometry as shown in Fig. 4.5. Sticking
Factors are given in the order of Conductance Pipe - Collision Area - Storage Area.
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Conductance pipe with sawtooth structure

To minimize the number of incoming particle a so-called ”sawtooth structure“ will
be installed in the conductance pipe. The idea is that incoming particles imping-
ing on the structured surface of the pipe will have an anisotropic emission angle
towards the entrance caused by the surface structure. A sketch of the considered
sawtooth structure is shown in Fig. 4.7. The final shape of the structure itself is not
yet optimized. Results for the simulations with the sawtooth structure a given in
Tab. 4.3.

Figure 4.7: Shape of the sawtooth structure at the conductance pipe. The inner
diameter of the conductance pipe is still 1 cm and is not changed by the sawtooth
structure.

Cryostat and electrodes

The same simulations are made with the electrodes inside the cryostat. For further
details of the electrodes inside the cryostat see Chapter 6. Here we give just a short
overview of the dimensions of the electrodes we used in the simulations.

The length of the electrodes in the collision area (see Fig. 4.8) is 458mm with
an inner radius of 20mm and an outer radius of 30mm. In the storage area the
electrodes have a length of 543 mm and an inner radius of 40mm and an outer
radius of 50mm. The dimensions of the cryostat are slightly different from previous
simulations. The collision area is 660mm long with a diameter of 60 mm, the storage
area is 540mm with a diameter of 120mm. The dimensions of the conductance pipe
remain unchanged. Simulations show that the different sizes of the two cryostats
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Geometry Sticking
factors Max. imping. rate Max. time (days)

(cm−2· s−1) 10−17 mbar 10−18 mbar
Electrodes 0-1-1 3 · 107 192 182

Sawtooth,
electrodes

0-1-1 1 · 107 482 458
0-0.9-0.9 1 · 107 479 455
0-0.8-0.8 9 · 106 542 515
0-0.5-0.5 9 · 106 611 580

Table 4.3: Molflow+ simulations of the maximum impingement rate on the cold
surface of the trap electrodes and of the time period for which vacua of 10−17 mbar
and 10−18 mbar can be maintained with a trap geometry as shown in Fig. 4.8. Sim-
ulations with a cylindrical conductance pipe and a sawtooth-structure conductance
pipe (see text) are compared.

have just marginal effects on the results and can be neglected. Table 4.3 shows the
results of the simulations with the electrodes inside the trap.

Figure 4.8: Electrodes inside the cryostat. The size of the cryostat is negligible
bigger than without the electrodes.

Results and discussion

The peak of impingement values for all simulations were near the entrance of collision
area. In simulations with electrodes inside the cryostat, the highest impingement
rate is on the inner part of the electrodes, on the side closer to the particles entrance.
In the cases without electrodes, the highest value is on the inside of the cylinder of
the collision area.

Table 4.2 shows the result of the simulations with the cylindrical normal con-
ductance pipe and without any electrodes and Table 4.3 shows the results with the
electrodes inside the trap and the sawtooth structure at the conductance pipe. In
both cases we variegate the sticking factor between 0.5 and 1 at the collision and
storage trap.

• The PUMA concept can achieve a 10−17 mbar for nearly 200 days under the
assumption of the isotherm extrapolation from available data [112]. This is



4.4. SIMULATIONS 55

the case with the electrodes inside the trap, but no sawtooth structure at the
conductance pipe.

• The sawtooth structure of the conductance-reduction pipe allows to double
the time until a pressure of 10−17 mbar is reached.

• The inclusion of the electrodes inside the cryostat lowers significantly the time
at which the limit molecular surface density is reached.

• The influence of the sticking factor for the electrodes and cryostat is rather
big (up to more than 100 days) when values from 0.5 to 1 are considered (in
the Molflow simulations).

Our main conclusion at this stage is that the requirements for PUMA are achiev-
able with the proposed concept and no additional features, but the uncertainties are
large, in particular on the isotherm extrapolation. It is essential to reduce the un-
certainties by measuring isotherms at lower pressures (see also section 4.7.1). It
should be stressed that the values were calculated for the highest impingement rate,
which describes the worst-case scenario. These maximum values appear only on
one single spot at the wall of the trap. The impingement rate is lower in the rest of
the volume which implies a lower density and a longer time until coverage is reached.

As it will be detailed later, other features could be added to PUMA (cold gate
valve, carbon layer inside the cryostat) which will contribute maintaining a vacuum
lower than 10−17 mbar for longer period of time. The above calculations do not
consider the isotherm and evolution of pressure with surface density as time evolves.
This cannot be done with Molflow+ but with COMSOL Multiphysics, presented in
the following section.

4.4.2 COMSOL Multiphysics simulations

The following COMSOLMultiphysics simulations take into account the DRK isotherm
ln θ = −(T/T0 ln(P/P0))2 and evolution of pressure with surface density as time
evolves. The isotherm was used under the approximation of quasi-static equilibrium
was used ∣∣∣∣ 1

P

∂P

∂t

∣∣∣∣� s
A

V

v̄

4
, (4.13)

where v̄ is the mean velocity of the gas molecules in the system, s the sticking
probability, A the surface of the cryostat, and V its volume [133]. The relation-
ship between the pressure P and the surface coverage Θ is given by the adsorption
isotherm. The application of this isotherm is reasonable if adsorption and desorp-
tion rates are in equilibrium. Therefore rapid changes in pressure and temperature
should be avoided [114].

The dimension of the cryostat used for the simulations are slightly different from
Molflow+ simulations. For the conductance pipe a diameter of 1 cm and a length of
10 cm were used and for the trap the diameter was 5 cm and the length was 100 cm.
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The sticking factor was set to s = 1, and the pressure at the entrance of the con-
ductance pipe was considered to be P = 10−10 mbar and P = 10−11 mbar at 300K.
Also, no beaming effect was considered at the entrance of the conductance pipe, but
an isotropic distribution as it was done in the Molflow+ simulations.

The limits of the lifetime of the antiproton plasma corresponding to ngas =
20 cm−3 (one year of lifetime; blue line) and ngas = 200 cm−3 (one month of life-
time; orange line) (calculated in section 4) are shown in Fig. 4.9 where the plots
show the dependence of the density and the z-coordinate of the cryostat for different
time steps (1, 30, 100 and 365 days). The density is pictured at z < 0.1 m for the
conductance pipe and at z > 0.1 m for the trap. Note that close to the entrance of
the trap no particles can geometrically reach the wall, therefore no density can be
calculated for this region.

Figure 4.9: COMSOL Multiphysics Simulations of the residual hydrogen gas density
along the trap axis at T = 4.2K , different pressures (10−10 mbar and 10−11 mbar)
at the entrance of the cryostat and for different time steps: after one day (top left),
one month (top right), one hundred days (bottom left) and one year (bottom right).

• With P = 10−11 mbar and no beaming effect (isotropic distribution), the
PUMA requirements are satisfied in the collision and storage trap at least
for more than one month.
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• At all four time steps in the simulation it is possible to store the antiproton
plasma in the collision and storage trap for one year with P = 10−11 mbar and
for longer than a year in the storage trap alone.

These points imply that the requirements for PUMA are achievable with the
described concept. Note that no electrodes were included, which will decrease the
maximum storage time, as the Molflow+ simulations show. The results from COm-
SOL are in qualitative agreement with those obtained with Molfow. In addition no
surface treatment and no ”satwooth structure“ were implemented at the conduction
pipe. Both will increase the maximum lifetime.

4.5 Cryogenic gate
We will develop a cold gate valve to be positioned at the entrance of the conductance
pipe to reduce strongly the conductance in the absence of beam. An artistic view
of the gate valve, under design, is shown in Fig. 4.10.

side  
view

3/4  
view

B

θrotation axis

Figure 4.10: (Left) Three-dimension view of the cryogenic gate valve to be placed
in front of the 4-K cryostat. (Right) Lorentz forces (red arrows) from the action of
a magnetic field on a current loop (green arrows).

The opening and closing of the gate will be driven by a current loop inside the
magnetic field of the magnet. The Lorentz force acting on the current loop will
create a torque which will be used to open and close the gate. An illustration is
given in the right panel of Fig. 4.10. The concept allows in principle a fast opening
and closing (less than a second) of the valve with minimum heat losses, compared
to a mechanical valve.

We quantify here the kinematics of the gate operation. We consider a rectangular
loop of current I. The rectangle has an area 2A. The torque τ created by a magnetic
field B around the axis of the gate as sketched in Fig. 4.10 is given by

τ = IAB sin(θ), (4.14)
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where θ is the inclination angle of the gate as shown in Fig. 4.10. We are
considering a cold gate valve normally closed when there is no current in the loop
and open when a current is applied. Once the current is switched off, the closing
of the gate naturally takes place through gravity when the rotation axis is off-
centered as illustrated in Fig. 4.10. First estimates for a copper gate of dimensions
(60 × 25 × 3)mm3 and a weight of 15 g give a typical opening time of 200ms for
a 1A current. The closing time from gravity is estimated to ∼ 500 ms. It can be
speed up by inverting the current in the loop. The current loop will be built out of a
superconducting NbTi wire and several turns will be used so that a current of 100mA
can be used. The superconducting wire will be cooled from the thermal contact with
the 4K cryostat. Ceramic bearings that can operate at cryogenic temperature will
be used. The gate valve is currently under design and a prototype will be built at
TU Darmstadt.

4.6 Vacuum environment

4.6.1 Beam vacuum at ELENA

According to the current status, the pressure in the transfer line LNE51 is expected
around 10−10 mbar. The main limitation on the vacuum in the PUMA experiment
at ELENA will come from from (i) the pulsed drift tube chamber (hereafter denoted
PDT chamber, see Chapter 8 for details about the principle and electrode design)
and (ii) the ion source of PUMA to be used for stable-nuclei annihilation measure-
ments. The pumping systems will be designed accordingly to satisfy the 10−11 mbar
vacuum requirement at the entrance of the PUMA trap. The option to use NEG
coating over the entire surface of the PDT chamber will be considered.

The preliminary design of the PDT chamber is based on a standard DN250CF
with length L = 1.335 m made of stainless steel. A preliminary design of its inte-
gration with electrodes and vacuum components, based on the design of the PDT
built for the GBAR experiment, is shown in Fig. 4.11.

An ion source will be installed in the PUMA experimental zone. The vacuum
at the nozzle of the source is 10−7 mbar. The source will be connected to a traps
for bunching and mass selection. The ensemble will be separated from PUMA by
a differential pumping section, similar to the one to be developed for ISOLDE (see
next section). A vacuum better than 10−11 mbar at the entrance of PUMA will be
guaranteed.

4.6.2 Vacuum at ISOLDE

The vacuum level in the ISOLDE transfer line is known to be around 10−6 mbar.
Such pressure is obviously not compatible with the extreme high vacuum require-
ments (10−11 mbar) at the entrance of the PUMA trap. Although the design of
the ISOLDE beamline is under discussion, it is foreseen that several devices will be
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Figure 4.11: Preliminary design of the Pulsed Drift Tube chamber.

placed between the ISCOOL cooler and PUMA (see Section 10.2), in particular a
30 kV MR-TOF system for beam purification and improvement of emittance prop-
erties. These devices, because of their own requirements in terms of vacuum, will
lead to a vacuum better than 10−7 mbar in front of PUMA. We therefore propose
to implement a dedicated differential vacuum isolation system to limit the impact
of residual gas on the trap vacuum quality. The system is mainly based on a dif-
ferential pumping stage made of three successive sections separated by conductance
reducers. A careful selection of the length and diameter of the conductance reducers
leads to evaluate the pressure in the final cavity to few 10−10 mbar without consid-
ering the pumping equipment at the entrance of the trap. Preliminary studies show
that this emerging concept could be improved to reach 10−11 mbar pressure in the
last chamber considering the possibility to use NEG coating in the intermediate sec-
tion as exposed in Figure-4.12. Outgassing, not implemented in the above estimates,
should be considered with care in the final design of the differential pumping section.

Similarly to the pulsed ion source, neutral elements are generated by in-flight
interactions with residual gas in the transfer lines at ISOLDE. This later could
reduce the lifetime of the antiproton plasma inside the PUMA trap and impact the
vacuum quality. Operations of the PUMA trap in direct sight with the ISOLDE
transfer lines is then not a solution. In addition to the differential pumping scheme,
we propose to develop an asymmetric differential pumping device where both input
and output reducers are not aligned to avoid direct transport of the neutrals through
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Figure 4.12: Molflow+ simulation of the ISOLDE vacuum separation. The black
triangles represent reflectors limiting direct reflection of re-emitted gas through the
conductance reducers. Outgassing of materials in the chamber is not taken into
account in the simulation.

the chambers. Such device is composed of two electrostatic deflectors as presented
on Fig. 4.13. The first deflector deviates the charged particle from the neutrals.
Neutrals are then dumped in the back part of the chamber close to the pumping
elements of the chamber. In the meantime, the ions of interest are guided through
the exit conductance reducer by a second deflector.

4.7 Foreseen developments

In the following, we give the developments to be performed to enable adequate
vacuum conditions for PUMA.

Figure 4.13: Preliminary SIMION simulation of the deflecting system in the vacuum
separation. The black trajectories correspond to the ion of interest and the blue
trajectories correspond to neutrals. On both side of the simulation, the conductance
reducers are simulated to study the transmission through them.
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4.7.1 Measurements of the Isotherms

A large uncertainty in the predictions for the PUMA vacuum lies in the extrapolation
of the H2 isotherm at 4 K. To reduce these uncertainties, we aim at the following:

• measure the H2 and He isotherms from 10−8 mbar to 10−13 mbar (or better, if
achievable) on stainless steel,

• extend the measurements to copper, gold plated copper and copper covered
by a layer of carbon (see section 4.7.2),

• measure isotherms with high precision at higher temperature (10K) for a bet-
ter extraction of the isotherm fitting parameters.

These measurements will be performed at CERN where an isotherm measure-
ment setup and a gauge (down to 10−14 mbar) are available together with the nec-
essary expertise.

4.7.2 Surface treatment

A ∼ 100 nm carbon layer, a technique mastered at CERN, inside the cryostat would
increase the effective surface for cryo-pumping. At least an improvement of factor
10 for cryosorption could be expected after the process. A similar surface treatment
could be applied to the ∼ 60K shield.

4.7.3 Cryogenic gate

Realistic simulations for the cold gate valve remain to be done. The system should
then be developed and tested in different conditions. First tests should be made at
room temperature and ambient pressure followed by tests at lower temperatures and
pressures, until working conditions are reached. The evolution of the vacuum during
the operation of the gate valve (opening and closing) will be studied in details.

4.7.4 Differential Pumping System

A differential pumping system to separate the vacuum from ELENA and (most im-
portantly) from ISOLDE to PUMA has to be further designed and developed.

4.7.5 Simulations

Simulations have to be extended to realistic geometries and to the full vacuum sys-
tem (not only the cryostat) to characterize consistently and realistically the residual
gas density inside the trap. The following aspects should be implemented:

• COMSOL Multiphysics simulations with electrodes inside the cryostat and the
”sawtooth structure“ at the conductance pipe,
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• inclusion of the ∼ 60K shielding, mechanics geometry, realistic temperature
conditions, and differential vacuum system in the simulations,

• realistic Molflow+ simulations,

• optimization of cryostat design.

4.7.6 Vibrations and Shocks

An unknown of PUMA remains the desorption due to vibrations and shocks. Espe-
cially during the transport from ELENA to ISOLDE vibrations and shocks cannot be
prevented. Because PUMA will be the first project where a cryostat with extremely
high vacuum will be transported on a truck, a specific study will be performed along
the following steps:

• measure the frequency spectrum encountered by the trap during the transfer
from ELENA to ISOLDE,

• design and perform a series of measurements of vacuum degradation as a func-
tion of vibration frequency and amplitude in the relevant range,

• develop a model for vibration-induced desorption.



Chapter 5

The solenoid

5.1 Magnetic Design

5.1.1 Requirements on the magnetic field

The cylindrical Penning trap is a key component for PUMA to trap antiprotons and
ions. Charged particles in the trap are confined axially by electrostatic potentials,
and radially by a strong magnetic field. The magnetic field is provided by a super-
conducting solenoid, which will be further detailed in this section. The solenoid will
create a homogeneous magnetic field of 4 Tesla along 900 mm in a 280-mm diameter
horizontal warm bore with active shielding to reduce the stray field outside the mag-
net. The dimensions are dictated by the requirements for a good tracking efficiency
for pions (see Chapter 7) and the two-trap geometry. Furthermore a passive shield
is required to comply with the safety regulation during the transportation. Bilfinger
Noell was contracted in December 2018 to build the solenoid. This section summa-
rizes the main results from the optimization of the PUMA solenoid design with both
a superconducting active shield and a passive shield. Requirements on the magnetic
field provided by the solenoid are summarized in Tab. 5.1. Field homogeneity con-
straints of less than 0.2 % at each trapping region (cylindrical volume 1 and 2) and
less than 5 % at overall volume (cylindrical volume 3) are set. The constraint on
the stray field was set to be below 2×10−4 T at three meters away from the center
both axially and radially to satisfy the safety regulations during transportation and
handling of magnet. The constraints are also useful in the experimental area not
to interfere with surrounding devices and other experiments. A functional design
report for the PUMA magnet has been released in March 2019 [134] and the magnet
is currently under construction. The delivery to TU Darmstadt is expected in May
2020.

5.1.2 Coil design

The PUMA magnet system was first optimized without the passive shield to de-
termine the coil layout and to estimate the coil parameters to create the trapping
volumes according to the requirements. Important physical parameters such as ho-
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Requirements Values
Nominal field strength of the magnet 4.0 T
Field stability better than 10−4 in time
Field homogeneity in cylindrical volume 11 |B −B0|/B0 < 0.2 %
Field homogeneity in cylindrical volume 22 |B −B0|/B0 < 0.2 %
Field homogeneity in cylindrical volume 33 |B −B0|/B0 < 5 %
Axial stray field 3 m from center less than 0.2 mT
Radial stray field 3 m from center less than 0.2 mT
1 Volume 1: length of (-450, -100 mm) along the axis and diameter of 50 mm
2 Volume 2: length of (+100, +500 mm) along the axis and diameter of 50 mm
3 Volume 3: length of (-500, +500 mm) along the axis and diameter of 220 mm
In this table the origin is the center of the solenoid, and the axis is the solenoid
axis.

Table 5.1: The requirements for a solenoid.

mogeneity of the magnetic field, load lines, conductor type and length, stray field,
inductance and stored energy are considered during the optimization. Subsequently,
the dimensions of the passive shield are optimized to minimize the total weight, while
avoiding the saturation and keeping the shielding effect. The parameters such as
shielding length, thicknesses of the cylinder and end plates were considered. Finally
the coil configurations are optimized again together with the passive shield to meet
all the requirements. The optimization was performed by N. Marsic, W. Müller and
H. de Gersem at the Institute for Accelerator Science and Electromagnetic Fields
(TEMF) of TU Darmstadt [135].

5.1.3 Magnetic field without passive shield

The solenoid consists of seven coils made of NbTi superconducting wire: a main
coil, a pair of booster coils, a pair of active shielding coils and a pair of shim coils.
The current density in all coils will be 125 A.mm−2. All the coils have the same
operation current to share a single power supply and to share one pair of current
leads. The magnetic field obtained by the simulation is plotted in Fig. 5.1. The field
strength along center axis is plotted in red solid line, cylindrical surface of diameter
25 mm in blue solid line, and cylindrical surface of diameter 110 mm in brown
solid line. According to simulations the homogeneity |B − B0|/B0 within volume 1
and 2 is 0.087 % which is less than half of the required 0.2 %. The homogeneity
|B − B0|/B0 within volume 3 is 2.37 % which is also less than half of the required
5 %. Concerning the impact of the stray field on the surrounding area, the 0.2 mT
line is roughly at a radius of 3 m, and the 5 mT line is at a radius of 1.5 m.

5.1.4 Magnetic field with a passive shield

The passive shields consist of a cylinder and two end plates with 20 mm thickness. A
ring with 20 mm thickness and 500 mm length is arranged outside the middle surface
of the outer cylinder. A ring with 30 mm thickness and 200 mm width is added
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Figure 5.1: The magnetic field distribution in z-direction without a passive shield.
In this figure the field lines are plotted from the center of the solenoid (Z = 0 mm)
towards the end of solenoid (Z = 500 mm) since the simulation is symmetric around
the center.
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Figure 5.2: The magnetic field distribution in z-direction including a passive shield.
In this figure the field lines are plotted from the center of the solenoid (Z = 0 mm)
towards the end of solenoid (Z = 500 mm) since the simulation is symmetric around
the center.

to each end plate to avoid saturation. The total weight of the presented passive
shield is 1950 kg. 1010 steel is used for the designing of the passive shield. The
magnetic field obtained by the simulation is plotted in Fig. 5.2. The field strength
along center axis is plotted in red solid line, cylindrical surface of diameter 25 mm
in blue solid line, and cylindrical surface of diameter 110 mm in brown solid line.
According to simulations the homogeneity |B − B0|/B0 within the volume 1 and 2
is 0.122% and |B − B0|/B0 within the volume 3 is 2.3 %. Which is only a slight
deterioration of the homogeneity of the initial field without passive shielding and is
still well within the requirements. The stray field of PUMA including the passive
shield is shown in Fig. 5.3. The 0.3 mT line is about 1.8 m along the z-axis and
about 1.1 m along the radial direction, it is indicated by a blue line in Fig. 5.3. The
0.5 mT line is just outside the cryostat along the radial direction, and about 1.25 m
along the axial direction, as indicated in red in Fig. 5.3.

5.1.5 Power supply and quench detector

A power supply for the coils will be provided by an external company. The require-
ments on the power supply are summarized in Tab. 5.2. The coils are protected
by cold diodes. In total, 6 sub-circuits divide the coil arrangement into sections



5.1. MAGNETIC DESIGN 67

Figure 5.3: The stray field of the magnet arrangement including both the active and
passive shield. The blue line indicates the 0.3 mT (3 Gauss) limit and the pink line
indicates the 5 mT limit. Distances are given in mm.

with reduced voltage during quenching. A quench detector monitors the voltages
across the coils. The quench detector has two independent circuits being connected
to different parts of the coil arrangement. After detecting a voltage imbalance due
to resistive voltage drop caused by a quench, the quench detector triggers a quench
heater power supply to instantaneously fire quench heaters which are attached to the
coils. The quench heater power supply contains capacitors to enable high heating
power for the quench heaters with a very moderate power drawn from the grid.

Requirements Values
Output type DC
Operation mode Constant current
Minimum output voltage ±5 V at terminal clamp
Output current 0 to +200 A with 0.01 A resolution
Output power 1000 W
Ramp rate 0 to ±50 mA/s with 0.5 mA resolution

Table 5.2: Requirements of the power supply for powering the magnet.

5.1.6 Magnetic field measurement

After reception of the solenoid at TU Darmstadt, we plan to measure the magnetic
field and its homogeneity using a Hall and a NMR probe depending of the applicable
field gradient. A test-bench with a motor driven carriage will be used to carry out
the measurement. Hall probes can be placed on the central axis of the magnet or at
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a radial offset from the center on the carriage. The measurement system will allow
a linear scan and data acquisition with adjustable step size.

5.2 Mechanical design

5.2.1 Cryostat design

The cryostat is a horizontal bore vacuum vessel, housing the cold mass and the
thermal radiation shield. The outer cylinder wall as well as the end plates of the
vacuum vessel are made from soft magnetic steel. The bore tube is nonmagnetic and
made from aluminum. The warm bore tube has an inner diameter of 280 mm, the
cryostat flanges have an outer diameter of 1400 mm. The total length of the cryostat
is 1800 mm. The exterior of the cryostat is presented in Fig. 5.4. The weight of the
completed cryostat is about 4000 kg. The cold mass is suspended from the vacuum
vessel by titanium tie rods. The suspension system is designed such that there is no
radial shift of the cold mass between warm and cold conditions despite the thermal
dilatation of both the cold mass and the tie rods.

Figure 5.4: CAD representation of the cryostat design.

5.2.2 Thermal shielding

The cryostat has a thermal shield made from aluminum that intercepts all heat
sources between the warm cryostat wall and the cold mass. The shield is thermally
anchored to the first stage of the cryocoolers at around 50 K.
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5.2.3 Insulation vacuum

The turbo molecular vacuum pump for the insulation vacuum is mounted to the
cryostat on the lower side. The turbo molecular pump has a rotary vane pump as
roughing pump. As such cryostats are not regularly and continuously pumped, the
pumps and gate valves are operated by hand.

5.2.4 Cryogenic cooling

The solenoid is designed to be a completely cryogen-free system, and all the neces-
sary cooling power is provided by two cryocoolers. There is one cryocooler attached
at each end of the cryostat, connected to the thermal shield on the first stage and
to the cold mass on the second stage. The stainless steel turrets housing the cry-
ocoolers provide a flange for the instrumentation feedthroughs. The cryocoolers are
Gifford-McMahon type RDK-408D2 cold heads with F-50 compressors from Sumit-
omo Cryogenics. Cooling water is provided by the experiment infrastructure during
normal operation.

5.2.5 Alignment foot

The alignment of the PUMA system with respect to the beam line at ISOLDE or the
AD will be guaranteed by an alignment foot. The foot has adjustment pins to correct
the horizontal position and vertical height. The feet position will be adjustable up to
±10 mm in both horizontal directions, and ±15 mm in the vertical direction. This
vertical range is well suited to the maximum fluctuations of floor flatness measured
at ELENA. A conical pin at the center bolt allows smooth coupling with the hole
prepared on the frame as indicated in Fig. 5.5. It can be directly bolted into the
ground of the experimental area and thus reproducibly put back into the aligned
position once the PUMA frame is moved.

5.2.6 Target marker for fiducialisation

The cryostat has a target marker for laser alignment. The target will be installed at
both end caps and at all eight turrets of the cold mass suspension. The dimensions
are compliant with the CERN standard and given in Fig. 5.5.

5.2.7 Damping system

A damping system is foreseen to reduce accelerations and shocks exerted on the
superconducting magnet during transportation and related operations. This is of
particular importance during road transportation and setting down to ground by the
crane. The damping system will be attached to the bottom of the frame (indicated as
damping system on Fig. 5.6). It is composed of several semi-rigid metallic springs,
made to adsorb the shocks and vibrations. The system is routinely used by the
supplier Bilfinger Noell.
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Figure 5.5: (Left) Side view of a support and alignment foot. The same feet will
be used to position the solenoid in the frame and the frame at experimental sites.
(Right) Half cut view of a target marker foreseen on the solenoid for optical align-
ment at experimental sites.

Damping system

Figure 5.6: The damping system of PUMA will be located below the frame. The
annex frame will be damped in the same way (not shown).



5.2. MECHANICAL DESIGN 71

The damping system will efficiently reduce the accelerations exerted on all com-
ponents on the frame. The transportation procedures will be as follows. The first
step is to adjust the alignment-feet height lower so that the whole system rest on
the damping mechanism. This is particularly important to absorb the shocks caused
by the crane operation when touching down on the ground or the truck. The sec-
ond step is the transportation. When on the truck, the brown sub-frame in Fig.
5.6 is fixed to the basis of the truck. The final step is to put the frame back in
position with certain alignment. For this purpose, the alignment feet, fixed on the
ground, are used to bring the frame back into its target position and height. During
this procedure, the relative orientation of all components on the frames will stay
unchanged.
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Chapter 6

Trapping antiprotons and ions

6.1 Overview

PUMA aims at storing, transporting, and performing antiproton annihilations with
ions. A portable Penning trap will be used for this purpose. To meet the require-
ments of the experiment, the PUMA trap consists of two trap zones. One is a
large-diameter Malmberg-Penning trap to store antiprotons (Storage trap), and the
other is a Malmberg-Penning trap with nested potential to capture antiprotons and
oppositely charged ions at the same time (Collision trap). In either trap, charged
particles are radially confined by a 4 T magnetic field, and axially by electrical po-
tentials from cylindrical electrodes. The Malmberg-Penning trap has been widely
used in AD experiments [136–138] to store many antiprotons, and eventually to gen-
erate antihydrogen. A pulsed drift tube (PDT) will be placed at the entrance of the
trap to adjust the energy of the incoming ion beam to capture charged particles.
A CAD drawing is presented in Fig. 6.1. The choice of one unique trap for all
functions (storage, transport, collisions) is motivated by the necessity to maintain a
constant magnetic field inside the storage trap during all operations and a perfect
alignment of the traps with the magnetic field.

Storage trap
423 mm

Collision trap
248 mmPulsed drift tube

146 mm  

898 mm

Figure 6.1: CAD half-cut view of the PUMA ion traps.

6.1.1 Cryogenic ion trap

We propose to build an ion trap that can store antiprotons for more than a month.
This long-term storage can be achieved by avoiding losses from annihilation with
the residual gas, as demonstrated by AD experiments [136–140]. The lifetime of the
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antiprotons is determined by the vacuum in the trap (see Chapter 4). This extreme
high vacuum (XHV) is achieved by keeping the whole ion trap at liquid helium
temperature and using the ion trap itself as a cryopump. The ATRAP and the
BASE collaborations demonstrated that one can achieve a vacuum level of better
than 1×10−17 mbar by using this technique [136,139]. For this purpose, both storage
and collision trap are maintained at the same XHV and cryogenic temperatures in
a single vacuum tube.

6.1.2 Antiproton accumulation

The first stage of PUMA is to accumulate a large number of antiprotons at ELENA.
ELENA will provide bunched antiprotons with expected operation cycle of 100 sec
with 0.45×107 antiprotons per bunch [141]. Accumulation scheme in accordance
with the ELENA operation cycle will be developed. One accumulation cycle will
consist of slowing down with a PDT, catching with fast-switched electrode, and
cooling down to ambient temperature, in the present case 4 K, by sympathetic
electron cooling. The cooling process will take the longest time, thus developing a
fast cooling technique will be the key to establish an efficient accumulation cycle.
Such attempts have already been made, for an example, by the ATRAP collaboration
[142]. Bunched antiprotons from AD (up to 3× 107 /bunch) were captured, cooled
down, and stacked by repeating the cycle. From a single bunch of antiprotons,
0.7 % were captured, and 60 % out of the captured were successfully cooled down.
They made a successful cycle, and stacked more than 0.4 million antiprotons from 32
bunches. Electrons used for the sympathetic cooling will be provided by a cold field-
emission electron source. As larger number of antiprotons are trapped, it is more
difficult to keep them confined due to space charge effects. Actually it is known
that a large number of charged particles confined in a Penning trap bears properties
of a non-neutral plasma [143]. There has been a well-established way to control
the behavior of non-neutral plasma called a rotating-wall technique [144–148]. This
technique uses sine wave applied to a radially segmented electrode, which is seen from
trapped particles as a rotating multipole field, to compress the particle cloud. The
rotating-wall technique has been successfully extended to a multispecies non-neutral
plasma containing antiprotons and electrons [149,150]. In case of a multispecies non-
neutral plasma, additional difficulty of centrifugal separation must be dealt with
[150, 151]. The rotating-wall technique eventually enables one to keep antiprotons
confined for infinite time, besides other contributions such as vacuum. A design of
the storage trap will be discussed to perform the series of operations with sufficient
degree of freedom.

6.1.3 Diagnostics

Diagnosing the properties of the antiproton plasma is essential for PUMA. It is par-
ticularly important to know the properties of the antiproton plasma without losing
them. Such diagnostics can be made using a non-destructive detection circuit. The
circuit is designed to detect the charge from the plasma induced on a pick-up elec-
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trode. It has been demonstrated that the induced signal from certain excited modes
of the plasma contains useful information [152–155]. Using this diagnostics, shape,
relative temperature, and number of charged particles contained in the plasma can
be measured. It is known that the antiproton annihilation rate can be used to extract
the number of trapped antiprotons [156]. A plastic scintillator barrel surrounding
the storage trap will be used to measure the antiproton annihilation rate, and to
cross check the number of trapped antiprotons. Along with the non-destructive diag-
nostics, the PUMA trap will be equipped with standard charged-particle detectors,
a micro-channel plate (MCP) with phosphor screen readout and a Faraday cup. The
MCP will be primarily used to image the cross-sectionally projected profile of the
antiproton plasma. A custom-made MCP will be used to operate under a strong
magnetic field. In order to meet with the demanding vacuum requirements, the
MCP will be located outside the 4-K cryostat, in front of the pumping barrier, on
a vertical action ladder. A similar design has already been developed by the Alpha
collaboration [157], as shown in Fig. 6.2. The usage of a Faraday cup for antiprotons

Figure 6.2: A vertical moving ladder used to host multiple devices at the end of
the cylindrical Penning trap developed by the Alpha collaboration. Figure taken
from [157].

is limited due to the charge carried out by the annihilation pions. However it is use-
ful to make relative measurements, and to measure normal charged particles. The
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Faraday cup can also be used to measure the energy of the charged particle by DC
biasing the Faraday cup electrode. Employing segmented electrodes is optionally
considered to extract the position and the energy of the confined particle. Further
details and specification of the diagnostics will be discussed.

6.1.4 Simultaneous trap of antiprotons and ions

Once a sufficient amount of antiprotons are trapped and cooled in the storage, a frac-
tion of antiprotons is extracted into the collision trap to annihilate with short-lived
ions. A partial extraction technique has been established by the BASE collabora-
tion based on an adiabatic voltage ramping [158]. PUMA will develop fractional
extraction based on the same method. Following the fractional extraction, about 1
×107 antiprotons will be stored in the collision trap. The collision trap is designed
so that the antiprotons can be confined for sufficient period of time to perform anni-
hilation measurement. The same method as used at the storage trap, rotating wall
and sympathetic electron cooling, will be applied. Also the same diagnostics will
be used. Trapping oppositely charged antiprotons and ions will be realized by the a
nested potential. Such scheme has been developed to trap particle and antiparticle
simultaneously [159,160]. The collision trap will be equipped with a sufficient num-
ber of electrodes to form the nested potential. One measurement cycle will consist
of loading ions into the collision trap, detecting annihilations, and, where necessary,
removing the remaining ions and annihilation product from the collision trap. The
ions will be first decelerated by the PDT in front of the collision trap, and then
captured by fast switching the trapping potential. Annihilations will be detected by
the surrounding detectors. Shortly after the annihilations, the remaining ions and
annihilation products will be removed by fast switching the trapping potential again.
At certain time interval when the measurement is hindered, rotating wall and sym-
pathetic electron cooling will be applied to the antiprotons to keep them trapped.
Right before the measurement, the electrons will be removed by particularly fast
switching the trapping potential.

6.2 PUMA ion trap

The PUMA trap is composed of two individual particle traps, the storage trap
and the collision trap. The storage trap is dedicated for accumulating up to 109

antiprotons, while the collision trap will be used to confine a bunch of short-lived
ions and a fraction of the stored antiprotons from the storage trap simultaneously.
This section summarizes the design of those two traps while focusing on the material
and geometry of the traps as well as the related electronics.

6.2.1 Electrode design

To confine and store the antiprotons and short-lived ions, the particles have to be
axially trapped in an electromagnetic field. In our case, the confinement is provided
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by two cylindrical multi-ring traps (MRT), which are based on the concept of a
classical Penning trap. A constant axial magnetic field arises from the solenoid will
confine the charged particles radially, while the electrostatic potential is provided by
multiple ring electrodes. Here, we focus on the mechanical and electrostatic design
of these ring electrodes for both the storage and the collision trap.

Electrostatic design

Due to the different purposes and foreseen particle numbers, the ring electrodes of
the two traps have an individual geometrical design. In the storage trap, we expect
to store up to 109 antiprotons, while the sum of short-lived ions and antiprotons
in the collision trap will be typically in the order of 107 particles. Since we aim
at a maximum charge density of 108 cm−3 to avoid significant space charge effects
on the plasma, this difference in particle number has an impact on the required
trap geometry, leading to a larger inner electrode radius rstr in the storage trap with
rstr = 20 mm compared to the smaller radius of the collision trap electrodes rcol = 10
mm. The lengths of the two different electrode types were chosen to comply with
a length-to-radius ratio of lstr/rstr = 0.85 and lcol/rcol = 0.7, respectively, leading to
storage trap electrode length of lstr = 17 mm and a collision trap electrode length
of lcol = 7 mm. The length-to-radius ratios were chosen based on a comparison of
the design values of other MRT experiments, which are typically in a range of 0.7
to about 1.0 [161, 162]. Besides the basic cylindrical trap electrodes we also use a
total of four azimuthally-segmented electrodes (two for the collision trap and two
for the storage trap), which have the same inner diameter and length as the normal
trap electrodes. For both traps we implement one four-fold segmented electrode
and for the storage trap an additional eight-fold segmented electrode, which will be
used for applying the rotating-wall technique, which is specified in the section about
non-neutral plasmas. For the storage trap, a total of 22 electrodes (20 cylindrical
+ 2 segmented) will be used for shaping the harmonic potential well. Effectively,
out of these 22 electrodes only 18 will be used for the actual potential well, while
the two segmented electrodes and two additional electrodes directly next to the
segmented electrodes will be kept at ground for excitation and for picking up the
induced charge of the plasma in the trap. The voltages that can be applied to the
electrodes range from - 500 V to + 500 V. For the storage trap we plan to use
a harmonic axial potential, since it provides good confinement for small particle
numbers up to high density ensembles. In the storage trap this harmonic potential
will be provided by the 14 inner electrodes, which are surrounded by the pick-up
and the segmented electrodes as well as four electrodes for catching the incoming
particles (two on each end of the storage trap). The resulting potential is shown in
Fig. (6.3) together with a schematic drawing of the stacked electrodes. The exact
potential shape of the collision trap in contrast will not have a continuous shape, as
it has to be adjusted to each individual ion species. An additional complexity arises
from the opposite charges of the negatively charged antiprotons and the positively
charged short-lived ions. Due to this, a nested potential will be necessary, which
allows to store both positively and negatively charged particles in the same region of
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Figure 6.3: Electric potential on the trap center axis of the storage trap as calculated
by SIMION. A schematic drawing of the ordering of the electrode types is added for
orientation.

the trap. A preliminary plot of the on-axis potential for the collision trap is shown
in Fig. 6.4. A more dedicated potential shape will be investigated with the test
setup, where the storage of electrons and light positive ions will be tested.

Mechanical electrode design

In contrast to the individual geometrical and electrostatic design of the electrodes for
the collision and the storage trap, the mechanical design for all electrodes is equal.
The operation at an extreme high vacuum and at cryogenic temperatures strongly
limits the choices for the electrode material and the material of the insulators be-
tween neighboring rings. The most important features of the required materials
are a high thermal conductivity, low magnetic susceptibilities of all materials and
low outgassing rates in vacuum. Comparing the thermal conductivity of different
conductors and insulators (see Fig. 6.5), high-purity oxygen-free OFE copper (UNS
10100, 99.999 %) was chosen for the electrodes and pure sapphire (Al2O3) for the
insulator rings [163,164].

To avoid large asymmetries over the full stack of electrodes, all electrodes and
copper rings have to be machined within a deviation of at maximum 20 µm from the
nominal values. This precision is most important for the fitting of the electrodes with
the insulator rings, because loose fittings might lead to a bending of the trap main
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Figure 6.4: Preliminary trapping potential on the trap center axis of the collision
trap as calculated by SIMION. A schematic drawing of the ordering of the electrode
types is added for orientation.

axis, making a highly precise alignment of the trap with the magnetic field difficult.
In addition, the precision is crucial for a successful operation of the segmented
electrodes, whose segments are separated by sapphire balls of 1.5 mm diameter.

The first set of 22 copper electrodes is manufactured by the fine mechanics work-
shop at TU Darmstadt from a tube of OFE copper (see Fig. 6.6). An additional
step to reduce the impact of patch potentials on the electrodes is to plate the elec-
trodes first with a thin layer of silver (5 µm) and secondly with a thicker layer of
gold (25 µm). Before the electrodes can be galvanically plated, the surfaces of the
copper electrodes have to be high-gloss polished, so that the silver and the gold
layer are evenly applied to all surfaces. The thin silver layer is necessary to avoid
an immigration of the gold atoms into the copper, which tends to occur at high
temperatures during baking. It is expected, that the first set of plated electrodes
will be available in October 2019.

Trap alignment

The alignment of the trap center axis with the magnetic field lines of the solenoid
is crucial for a proper operation of the trap. A misalignment of both center axes
gives rise to azimuthal asymmetries in the electric field of the trap, which break the
symmetry of the ideal setup and lead to a distortion of the particle motion in the
trap. In a single particle picture, this results in a change of the eigenfrequencies.
Considering a misalignment angle θ between the magnet field and the trap axis, the
axial bounce frequency ωz of the ideal trap gets reduced to a real trap frequency ω̃z
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Figure 6.5: Plot of the thermal conductivity of different metals and insulators for
temperatures from room temperature down to 1 K [165].

given by:

ω̃z
2 ≈ ω2

z
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1− 3

2
θ2

)
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In the case of a dense ensemble of particles however, some particles tend to be
pushed to higher radii, where the impact of the field inhomogeneities become more
relevant. This leads over time to a reduction of the plasma’s angular momentum and
thereby to a radial expansion up to particle losses on the trap wall [166]. The effect
is usually modeled by a drag torque, which is introduced in the upcoming section
about non-neutral plasmas. In addition, a misaligned magnetic field can cause prob-
lems for the destructive diagnostics, as it leads to a radial displacement depending
on the misalignment angle θ and the distance to the Faraday cup or microchannel
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Figure 6.6: Image of a copper test electrode and a sapphire insulator ring to deter-
mine the proper dimensions for a tight fit. Here, the sapphire ring is just loosely
attached to avoid that it gets stuck and cannot be detached again.

plate [154]. To reduce the impact of this torque it is helpful to align the trap and
the magnet up to an angle of at maximum mrad or below. Generally, it is favored
to achieve an angle of mrad down to µrad, as the lifetime of the ensemble in the
trap can be significantly improved [166].

To ensure such a precise alignment, the PUMA trap assembly will be mounted
to a precisely adjustable support frame which itself will be connected to the PUMA
solenoid to avoid alignment shifts during the transportation process. It will be held
by a set of four feet, which all are adjustable in height with a 100 µm precision,
leading to the possibility to tune the angle between the magnetic field lines and
the trap axis also in the order of mrad to µrad over the full length of about 1 m.
To evaluate the precision of the alignment we plan to use low-energetic electrons
and a microchannel plate (MCP), which is detailed in section 6.4.3. As electrons
tightly follow the magnetic field lines in the 4 T field, the position of the electrons
on the MCP relative to the projection of the trap center axis on the MCP allows
the determination of the misalignment angle. The alignment will be performed iter-
atively to maximize the lifetime of electron plasma. By consecutive measurements
the alignment and therefore the lifetime of the plasma can be improved.

6.2.2 Electronics design

The PUMA trap requires customized specifications for electronics. Series of op-
erations to capture, trap, transfer, and manipulate charged particles require pro-
grammable fast control of the electronics. We are developing a programmable system
based on PXI express (PXIe) developed by National Instruments. The PXIe-based
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systems have been widely used in the trap control, such as at GBAR [167]. The
schematic view of the trap electronics is shown in Fig. 6.7. Command sequence
programmed by LabView is first processed by PXIe-8840 controller, and then dis-
tributed via digital analog converter (DAC) and other input/output (I/O) modules
to each electronics. For operations that require fast synchronization to external trig-
ger, such as capturing of antiprotons and ions where 100 ns switching is necessary,
fast control modules are also prepared.

Computer 
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Controller 
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PXIe-6739
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Figure 6.7: PUMA ion trap electronics and control.

Voltage supply

A high voltage amplifier is used to supply trapping potential to each electrode. A
precision high voltage amplifier, HAR-8X8A provided by hivolt.de GmbH & Co. KG,
will be employed. The amplifier has fixed gain of 50±0.3 %, and amplifies input
voltage of ±10 V, thus provides ±500 V to each electrode. The slew rate is 20 V/µs,
and the noise level is 3 mVRMS, at capacitive load of 500 pF. The specification is
comparable to similar devices used at AD experiments, AEgIS for example [161].
The amplifier chassis has high density design ideal for transportation, and directly
controllable via National Instruments PXIe-6739 DAC.
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Frequency generator

Frequency generators are used to provide sine waves to rotating wall and drive
particles. PUMA employees the Keysight 31000 series. They are widely used among
the ion trap community, and satisfies our requirement of frequency range up to GHz,
accuracy of ±1%, and controlability through external trigger.

Rotating wall drive

A rotating wall drive will provide phase-shifted sine waves to the segmented elec-
trodes. In order to cover a sufficient frequency and voltage range for the develop-
ment, we employed a custom rotating wall drive made by Stahl electronics. The
device will provide eight 45◦-phase shifted sine waves on top of DC offset voltage.
Covered frequency range is 0.8 to 10 MHz with maximum wave amplitude of 2Vpp.

Fast switches

Fast switches are used to turn on and off trapping voltages to load and unload
particles from the trap. In the case of loading and unloading the electrons, for
example, the voltage should be lowered for very short period of time, typically in
order of 50 ns. This operation is performed by push-pull transistor switch HTS
series made by Behlke electronic GmbH. The switch has a minimum output pulse
rise time of 50 nsec depending on capacitive load. The electrode circuit with the
switch will be tuned to suppress transmitted noise and transition time.

6.3 Non-neutral plasma
To store up to 109 antiprotons over a timescale of several months within the storage
trap, the dynamics of the antiproton ensemble has to be known precisely to avoid
inadvertent particle loss. In contrast to a very small ensemble with only a few
charged particles, where the dynamics of each particle can be assumed to be guided
fully by the trap fields, the particle-particle interactions cannot be neglected in the
case of a dense ensemble with large particle number. If the density is high enough and
the temperature is low enough so that the Debye length λD =

√
ε0kBT/nq2 is small

compared to the typical dimensions of the particle ensemble, the dynamics of the
particle cloud can be described based on the concept of a non-neutral plasma [168].
The Debye length represents a characteristic length over which external electric
fields are screened inside a plasma and has values of λD ≈ 10 - 50 µm assuming an
antiproton density of n ≈ 1014 m−3 for PUMA. As the Debye length is much smaller
than the estimated antiproton ensemble dimensions in the storage trap, which will
be in the order of a few millimeters to centimeters, a description of the ensemble
as a non-neutral plasma is appropriate. In this case, the antiproton plasma has a
characteristic spheroidal shape with an aspect ratio α = ze/ρe as the ratio of the
axial length ze and the length of the radial main axis ρe (see Fig. 6.8) [169, 170].
Inside the plasma, the particle density n(r) is constant, while on the plasma edges
it drops to zero on the scale of about a Debye length [144,171].
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RW RW1 2Exc. Diag. FEP

Figure 6.8: Schematic picture of a prolate (α > 1) electron plasma in the PUMA
storage trap, where the elctrons are provided by a cold field-emission point (FEP).

As the antiproton plasma tends to screen external electric fields from its inside,
the dynamics of the particles inside the plasma are guided by their Coulomb in-
teraction. Macroscopically, the plasma undergoes a bulk ~E × ~B-drift around the
trap center axis in the crossed magnetic and electric fields [168, 172]. The antipro-
ton plasma creates a non-negligible space charge potential, which arises from the
dense cloud of equally charged particles. This space charge potential deconfines the
plasma and can lead to axial particle losses, if it overcomes the trap potential of
the electrodes. Considering the estimated antiproton density of n ≈ 1014 m−3 for
PUMA, the resulting space charge potential is in the order of about 30 V, leading to
a stable axial confinement. To calculate the rate of the bulk drift of the plasma in
the trap, the electric field caused by the space charge potential ~Es has to be taken
into account, leading to a drift velocity ~vD of

~vD =

(
~Et + ~Es

)
× ~B

|B2|
(6.2)

In an ideal trap, the additional radial confinement of the plasma is characterized
by a conservation of the total angular momentum [173,174], which is given by:

LΘ =
N∑
i=1

(
mωiρ

2
i −

1

2
qBρ2

i

)
= const. (6.3)

Due to the small mass of the antiprotons the first term, which represents the me-
chanical angular momentum of each particle, is typically several orders of magnitude
smaller than the second term corresponding to the canonical angular momentum.
By approximating the total angular momentum by the canonical angular momentum

LΘ ≈ −
N∑
i=1

1

2
qBρ2

i = −1

2
qBN〈ρ2〉 (6.4)

it is shown that the mean square radius of the plasma is conserved. For the typical
case of a plasma radius which is about an order of magnitude smaller than the trap
electrode radius, this conservation of the mean square radius can be translated to
an almost infinite storage time with respect to radial losses. However, in a real trap
the cylindrical symmetry of the trap is slightly broken due to small misalignments
of the trap electrodes with respect to the magnetic field or minor fabrication errors
of the electrodes, leading to a slow reduction of the magnitude of the total angular
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momentum and therefore an increase of the mean square radius of the plasma.
Over time, this increased mean square radius eventually leads to radial particle
losses, limiting the storage time to timescales of minutes up to a few hours. This
reduction of the magnitude of the total angular momentum can be modeled by the
negative background torque TB [173, 175]. To overcome the limitation of the radial
confinement time it is necessary to compensate this background torque by a positive
torque, which co-rotates with the plasma drift. In our case, this positive torque Tr

will be provided by an azimuthally rotating electric field, which is generated by the
azimuthally segmented trap electrodes [144–146, 149, 150, 162]. On each electrode
segment we apply a radio-frequency (RF) voltage with a small amplitude V0 and the
frequency ωr:

Φi(θ, t) = V0 sin [mθ (θi − ωrt)] with θi −
∆θ

2
< θ < θi +

∆θ

2
(6.5)

Here, mθ = 1 corresponds to a dipole drive, while mθ = 2 represents a quadrupole
drive. Typically, a rotating dipolar potential is applied by a four-segmented elec-
trode, but we plan to also test the efficiency of a quadrupolar potential on our
eight-fold segmented electrode. In general, for a predefined multipole potential, a
larger number of segments is preferred as the impact of higher spatial harmonics
gets reduced when the sine wave is approximated smoother [176].

For a steady confinement, the torque has to compensate the background torque,
i.e. Tr + Tb = 0, leading to a fixed value of the angular momentum and therefore
of the mean square radius of the plasma. However, it is also possible to increase
the torque of the rotating field by increasing the amplitude of the rotating potential
or by varying the frequency of the drive. If Tr > Tb, the magnitude of the angular
momentum is increased, leading to a reduction of 〈ρ2〉 and therefore to an overall
compression of the plasma. In addition, the rotating electric field spins-up the bulk
rotation rate of the plasma around the trap center axis from the ~E × ~B-drift rate
up to the rotating field frequency ωr. Following the modeling of the background
and drag torque as defined in [175] with the current bulk rotation rate ω and two
constant scaling parameters η and β as

Tr = η
ωr − ω
ω

V 2
0 and Tb

∼= −
β

ω
. (6.6)

We can conclude that the torque of the rotating electric field decreases with increas-
ing rotation rate ω. In addition, we can determine the steady state rotation rate
ωeq, at which the sum of both torques is zero. It is given by

ωeq = ωr −
β

ηV 2
0

(6.7)

As the scaling parameters β and η depend on the trap properties, i.e. the vacuum
level, the temperature, the alignment of the electrodes and precision of the machin-
ing, their values have to be determined experimentally.
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Following the modeling of the torque of the electric field in equation (6.6), any
sufficiently high rotating field frequency ωr > ω should lead to a plasma compres-
sion if the background drag is negligibly small. Such a behavior has also been
observed in several experiments and is summarized under the term of the "strong
drive regime" [175, 176]. All these experiments have in common that they used
rather high amplitudes in the range of a few Volts for the rotating potential. How-
ever, there are also a number of experiments with a lower voltage amplitude, and
in these cases a radial compression of the plasma can only be observed at certain
discrete frequencies [145, 146]. These frequencies couple with plasma wave frequen-
cies, which correspond to the eigenfrequencies of collective excitations of the plasma.
These modes have been described as Trivelpiece-Gould (TG) modes in an infinitely
long charged cylinder in an axial magnetic field. These TG modes have been defined
initially for the electron component of a neutral plasma, but the concept has been
extended to non-neutral plasmas. Based on the collision-less drift-kinetic equation,
each TG mode can be characterized by a set of three mode numbers (mΘ, mz, mr)
(compare Fig. 6.9) as well as a related dispersion relation for the mode frequency
ωTG [146]:

ωTG −mΘωE×B ' AωpRpkz

[
1 +

3

2

(
v̄

vΦ

)2]
. (6.8)

Here, vΦ = (ω −mΘωE×B)/kz is the axial phase velocity, Rp is the plasma column

radius and v̄ '
√

8kBT
πm

is the average thermal velocity for the ensemble temperature
T . The coefficient A depends on the azimuthal and the radial mode number mθ, mr

and is given by:

A =


√

1
2

ln
(
Rw
Rp

)
for mθ = 0

± 1
jmθmr

for mθ > 0
(6.9)

where jmΘmr is the mr-th zero of the mΘ-th Bessel function. The sign of A depends
on the mode frequency compared to the current plasma rotation frequency. If the
mode rotates faster, the sign is positive; and for a slower mode rotation the sign is
negative.

The description of the plasma modes based on the concept of TGmodes is precise,
when the plasma is very elongated with a very high aspect ratio α, but there is a
large discrepancy if the spheroidal plasma approximates a spherical shape. For this
case, Dubin derived a dispersion relation for azimuthally symmetric plasma waves
in a generalized spheroidal plasma [169], which is now characterized by two mode
numbers l and m:

1−
ω2

p

ω2
2

=
k2

k1

P2(k1)Q
′0
2 (k2)

P
′
2(k1)Q0

2(k2)
. (6.10)

Here, Pl andQm
l are the (associated) Legendre functions of first and second kind, and

the primes denote the differentiation with respect to the argument. The parameters
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Figure 6.9: Schematic drawing of the plasma density pertubations δn for different
axial, azimuthal and radial mode numbers (mz, mθ, mr) [176].

k1 and k2 are given by:

k1 =
α√

α2 − 1 + ω2
p/ω

2
2

and k2 =
α√

α2 − 1
. (6.11)

This dispersion relation is valid for all spheroidal plasmas and approximates the
results of the TG modes in the limit of very high aspect ratios. To apply the rotat-
ing wall technique, a (l, m 6= 0) mode has to be excited, since modes with m = 0
are azimuthally symmetric, leading to no azimuthal net effect on the plasma, i.e.
not torque transfer. However, the m = 0 modes are very useful for the plasma
diagnostics, as specified in the following section. For the case of PUMA we would
like to investigate if our traps can be operated in the strong drive regime, since the
frequency-independent compression is more flexible and easier to handle.

Even though the rotating wall technique provides the possibility to confine the
particles radially for infinite time by compressing the plasma, it has the negative
side effect of heating up the plasma [144, 146]. Due to the continuous and time-
dependent energy input in the plasma, the kinetic energy of each particle increases
over time, leading to an significant increase of the plasma temperature. Due to the
temperature-dependence of the Debye length, this increase of temperature leads to
an increase of the plasma diffuseness at its edge. By this, some particles get trans-
ported to large radii outside the bulk plasma, where the motion is not guided by
the plasma properties anymore. This effect leads eventually to particle loss and has
to be compensated by a suitable cooling mechanism.

For a large number of antiprotons, the simplest cooling mechanism is the sym-
pathetic cooling, i.e. that the antiprotons are cooled by a second particle species
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which is cooled directly. This can be self-cooling electrons [160]. In this case, the
electrons in the strong magnetic field cool themselves by the emission of cyclotron
radiation according to the Larmor formula, leading to an exponential decay of the
temperature down to the trap temperature with a decay time constant τs given by:

τs =
6πε0mc

3

e2ω2
c

=
6πε0m

3c3

e4B2
≈ 0.3 s for B = 4 T. (6.12)

Neglecting the heating induced by the electric field, the temperature evolution of
the antiproton and the electron fraction of the mixed plasma is given by:

∂Tp̄

∂t
= − 1

τp̄

(Tp̄ − Te) (6.13)

∂Te

∂t
=

1

τp̄

Np̄

Ne

(Tp̄ − Te)−
1

τe

(Te − Tamb) (6.14)

In these equations, τp̄ represents the sympathetic cooling time constant, which de-
pends on the current temperatures Te and Tp̄ and densities ne and np̄ [177]. In cgs
units, it is given by:

τp̄ =
3mp̄mec

3

8
√

2π nee4 ln Λ
·
(

kBTe

mec2
+

kBTp̄

mp̄c2

)3/2

(6.15)

The expression ln Λ represents the Coulomb logarithm, which is a measure for the
impact parameter of the electron-antiproton Coulomb collisions. It depends on the
temperatures of both species and is given by

ln Λ = 23− ln
(
n1/2

e T−3/2
e Z

)
, if Tp̄ ·

me

mp̄

< Te with Z=1 (6.16)

ln Λ = 16− ln
(
n

1/2
p̄ T

−3/2
p̄ Z2µ

)
, if Te < Tp̄ ·

me

mp̄

with Z=1 and µ =
mp̄

mp

= 1

(6.17)

Typically, the cooling of the antiprotons takes about a few seconds until their tem-
perature arrives at the ambient temperature for our typical conditions, an electron
density of ne ∼ 108 / cm3 and an antiproton density of np̄ ∼ 107 / cm3. This cooling
time is small enough to fit into the 100 s gap between two consecutive antiproton
bunches at ELENA. The equations (6.13) get more complicated, if some antiprotons
have already been cooled and stored in the trap and a new bunch of hot antiprotons
is delivered into the trap, but due to the larger storage of cold particles the total
cooling time per bunch decreases and the capturing efficiency increases over time.
This behavior has already been investigated by ATRAP, where they observed an
increasing fraction of cooled and stacked antiprotons for a higher number of already
stacked antiproton bunches [136].

The electrons are provided by a cold field-emission point (FEP) which is located
at the end of the storage trap, mounted on a frame together with the Faraday cup.
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The field-emission point will be positioned off-axis, as the Faraday cup should oc-
cupy the area around the center axis to detect all trapped particles (compare Fig.
6.8). By the use of an acceleration electrode the electrons gain enough energy to
overcome the potential edge on the end of the storage trap. This edge is slightly
reduced to second potential edge on the opposite end of the storage trap to allow the
electrons to enter into the trapping region. Electrons are trapped at the minimum
of potential well by loosing the energy themselves. We plan to adjust the electron
cloud position and diameter by applying the rotating wall at the end of the trap.
The electron cloud will be controlled to maximize the overlap with antiproton cloud,
and thus the efficiency of sympathetic cooling.

The compression of an antiproton plasma by the rotating wall technique in com-
bination with sympathetic electron cooling has already been established at other
ELENA experiments. As an example, ALPHA investigated the compression of about
3× 104 antiprotons with about 1.2× 108 electrons and observed, that they achieve
significant compression by a factor of ∼ 4 - 5 based on the strong drive regime (see
Fig. 6.10) [149]. Similar observations have also been made at AEGIS [150], where
the compression was achieved through coupling to the TG modes. These observa-
tions contradict each other on the compression regime. A further investigation of
this transition between the different rotating wall regimes will also be investigated
in the course of our development.

In summary, it is necessary to apply the rotating wall technique together with
the sympathetic electron cooling to store the antiprotons for a long period of time.
In order to accumulate bunched antiprotons in the most efficient manner, it will be
necessary to carefully tune an appropriate frequency of the rotating electric field. A
suitable scheme will be developed to accumulate the antiprotons proportional to the
number of incoming bunches. In addition, we will investigate the optimum number
of electrons for efficient cooling of incoming bunched antiprotons.

6.3.1 Non-destructive mode diagnostics

Characterizing the properties of non-neutral plasma is of high interest. Because
they are lost when measured destructively, a non-destructive way of measuring the
plasma density n, the aspect ratio α and the total number of charges N is needed.

The axial frequency ωz is related to the density n and the aspect ratio α by

ω2
z

ω2
p

=
1

α2 − 1
Q0

1

(
α√

α2 − 1

)
with the plasma frequency ωp =

√
nq2

ε0m
. (6.18)

Q0
1 is the (associated) Legendre function of second kind, m is the mass and q the

charge of the particle.
By measuring the frequencies ωl of the (1,0) dipole and the (2,0) quadrupole

plasma mode, one can extract the plasma density n and the aspect ratio α.
In a harmonic trap, the frequency ω1 is that of a single particle motion along the

z axis
ω1 = ωz. (6.19)
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Figure 6.10: Compression of a mixed antiproton-electron plasma at ALPHA. The
densities of both the electron as well as the antiproton fraction have been increased
by a factor of about 5 within 60 s [149].

For a plasma with cyclotron frequency much higher than the plasma frequency
(highly magnetised), the frequency of the dipole mode is given by the dispersion
relation [169]

1−
ω2

p

ω2
2

=
k2

k1

P2(k1)Q
′0
2 (k2)

P
′
2(k1)Q0

2(k2)
. (6.20)

Pl and Qm
l are the (associated) Legendre functions of first and second kind, primes

denote the differentiation with respect to the argument. Also

k1 =
α√

α2 − 1 + ω2
p/ω

2
2

(6.21)

k2 =
α√

α2 − 1
. (6.22)

By measuring ω1 and ω2 and combining equations 6.18, 6.19 and 6.10 one can extract
the plasma density n and the aspect ratio α. It is important to note here, that the
(1, 0) and (2, 0) frequencies (and also higher orders) do not depend on the total
number of particles, but only the density n and the aspect ratio α.

To get the total number of charges N , another parameter is needed, since N
satisfies the following relationship:

N = 4πnz3
p/3α

2. (6.23)
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The ATHENA collaboration developed a model for determining the total number
of charges N in the trap [178]. A radio frequency is applied to the plasma near
resonance and the response of the plasma is analysed (see Fig. 6.11). The width of
the resonance peak, which corresponds to a quality factor of equivalent RLC circuit,
is connected to the plasma properties such as the plasma length zp.

Figure 6.11: The radio frequency is applied to the transmission electrode and the
signal is picked up by the receiver electrode. Rj denotes the resistance of electrodes
not used for detection. Figure from [178].

The proposed non-destructive diagnostics for PUMA uses resonant plasma modes.
To measure the plasma density n and the aspect ratio α, one has to find the fre-
quencies ωl of the plasma modes. A way to do this is to sweep the frequency range
around the expected resonance frequency and record the response of the system.

This can be done by connecting a vector network analyzer to two of the elec-
trodes. The network analyzer supplies a driving signal to one electrode and records
the amplitude and phase of the signal induced on another electrode relative to the
driving signal. This leads to a spectrum like the one shown in Fig. 6.12. From the
peaks one can deduce the resonance frequency.

We are considering a Rohde & Schwarz Vektor Network Analyzer ZNB4 (2 ports,
9 kHz - 4.5 kHz) with an extended power range down to -80 dBm (ZNB4-B22).

The driving voltages are low (∼ 100 µV) compared to the trap potential (∼
100V). The excited motion of the plasma will therefore be small compared to the
trap dimensions, and the effect of the non-destructive diagnostics on the overall
evolution of the plasma can be neglected [180]. Table 6.1 gives frequencies for the
(1,0) dipole mode for particles in the PUMA trap. The values are estimated via

ω1 = ωz =

√
qU

md2
(6.24)

with the on-axis potential U = 250 V and characteristic trap size d2 = 1.35×10−3 m2.
Rough values for the (2,0) quadrupole mode can be obtained by looking at the
solution of the dispersion relation (eq. 6.10) in Fig. 6.13. The ATRAP collaboration
developed a similar approach to measure the total number of charges with resonant
plasma modes [154].
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Figure 6.12: The spectrum of several plasma modes. Here, three plasma modes are
excited. The peaks correspond to the indicated modes. Figure from [179].

Table 6.1: Rough estimates on the expected (1,0) dipole plasma frequencies for
different particles.

Particle (1,0) dipole frequency f1 (2,0) quadrupole frequency f2

e− 29 MHz 44 MHz
p, p̄ 670 kHz 1 MHz
He+ 335 kHz 500 kHz

Figure 6.13: Ratio of the mode frequency ωl to ωz as a function of the aspect ratio
α. Figure adapted from [181].
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6.4 Ancillary Equipment

In addition to the electrodes and a superconducting magnet, a number of ancillary
components are needed to conduct the experiment. Detectors to monitor annihila-
tion rate and determine the number of trapped charged particles are needed for the
actual measurement.

6.4.1 Cold Field-Emission Electron Source

An electron source is needed for PUMA to cool the antiprotons. Electrons can also
be used to test the basic operations of the trap offline without using antiprotons.
To produce the electrons, a cold field-emission electron source will be used. Such
an electron source was first proposed by Crewe et al. in 1968 [182]. It is based
on the principle of cold field-emission. In contrast to conventional electron sources
that produce electrons via a hot filament, a field emission electron source does not
introduce a heat source into the cryogenic environment. This is important as the
PUMA trap will be cooled to 4.2K. In return, the cold field emission requires ultra
high vacuum in the order of 10−9 mbar, already provided in the PUMA design. To
emit an electron out of a metal surface, the electron has to be given energy at least
equal to the corresponding work function φ of the metal. In an electron source with
a hot filament this is provided via thermal energy. To use field emission, a sufficient
voltage is applied between a sharp point of the metal and an extraction electrode, so
that the potential drops outside the metal. This makes it possible for the electrons
to tunnel out of the material.

Figure 6.14: A field emission point examined with a light microscope.

With a field emission point (see Fig. 6.14) currents between 10 nA and 100nA
can be extracted with an applied voltage of between 0.5 kV and 1.5 kV [183]. The
electrons are emitted from the field emission point with energies close to the Fermi
energy [184,185], and therefore their energy is dominated by the voltage applied to
the tip. The electron gun has been designed, but the production of the field emission
points requires further development to achieve sufficient sharpness of the tip.
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6.4.2 Faraday Cup

To measure the total charge, and therefore the number of charges of the sample, a
very simple destructive measurement can be done by using a Faraday cup. Here,
the charges are collected on a metal plate and amplified in a charge sensitive pre-
amplifier (AmpTek A250CF CoolFET). The output signal can be read with an os-
cilloscope. While an absolute measurement of the number of antiprotons is difficult,
as the annihilation products may carry away charge [186], a relative measurement
is possible. The Faraday cup, as well as the electron source will be located at the
end of the storage trap.

6.4.3 Micro-Channel Plate

A way to get the radial distribution of the antiproton cloud is to use a micro-channel
plate (MCP). An MCP consists of one or more plates with micro channels that have
a diameter d ∼10 µm and a small (5 . . . 15°) bias angle to an axis perpendicular to
the plate surface. In each channel the incoming charge hits the wall and releases
secondary electrons, leading to amplification. The amplification factor can be set by
changing the voltage applied between the MCP’s surfaces. By stacking two or more
MCPs the amplification gain can be increased. For this, the channels are angled
in the opposite way, so the channels form a V shape. This configuration is called
Chevron type. A standard MCP assembly with two plates has a gain of up to 107.
The multiplied charges can be converted to light with a phosphor screen and then
imaged with a CCD camera. The AEGIS collaboration achieved a resolution of 14
µm [187].

Using an MCP in a strong magnetic field requires additional considerations. The
magnetic field significantly reduces the gain of the MCP [161, 188]. Also the MCP
assembly must be made of non-magnetic material. Some MCPs can be used in
magnetic fields up to 2T. In order to keep sufficient gain, small MCP channels and
small bias angles (< 15°) are recommended [188]. We choose a channel diameter
of 6 µm and a bias angle of 12 degrees. The charged particles extracted from the
trap follow the magnetic field lines. Because the MCP will be located outside of the
solenoid at the entrance of the trap, the extracted particles will be guided along the
diverging magnetic field. This leads to a magnification of the radial profile of the
plasma.

In the case of PUMA, the particles start at a magnetic field of 4T and hit the
MCP at aboutT. The MCP will be placed on a movable ladder at the entrance of
the collision trap and pumping barrier.

An estimation of the number of electrons produced on the optical sensor of the
read-out camera (Thorlabs CS505MU) shows that a single particle can be detected.
Considered were the MCP gain, the conversion factor of the phosphor screen (phos-
phor type P47), the collection efficiency of the optics and the quantum efficiency of
the camera.
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6.5 Cryogenic apparatus

The whole PUMA trap tower must be kept at a temperature of 4 K to achieve XHV
conditions, and thus to store antiprotons for several months. PUMA proposes to
built the system completely free of cryogenic liquids to ease safety conditions during
transportation. Cryogen-free system has additional advantage to reduce cost of
exhausting liquid helium. The cryostat is cooled by two 4 K pulsed-tube cryocoolers
provided by SUMITOMO industries, SRP-182B2S and SRP-082B2. The first stage
of the pulsed-tube cryocoolers have a cooling power of 1.5 W and 1 W at 4 K
respectively. The pulsed-tube type cryocoolers can suppress vibrations transmitted
to the cryostat compared to GM type cryocooler. The PUMA trap is inserted
into a 4 K vacuum chamber made of Cu-OFHC connected to the first stage of
the cryocoolers. The 4 K chamber is surrounded by 70 K thermal shield made of
aluminum connected to the second stage of the cryocooler. Thermal insulator foils
made of aluminized mylar will be additionally used to cut radiation from 300 K.
Each stage of the cryostat will be supported by the low thermal insulating material
such as Kevlar, titanium, and G10. A similar cryostat was developed by the BASE
collaboration [189]. The cryocoolers will be supplied with cooling water from the
water-to-air heat exchanging chiller during transportation.

6.6 The trap prototype at TU Darmstadt

The trap prototype will be the main tool for the upcoming developments at TU
Darmstadt. The key idea of this setup is to investigate the properties of a non-
neutral plasma in a trap which is similar to the storage trap in our final apparatus.
To do so, we plan to start with a single-species plasma consisting of electrons, which
are provided by a cold field emission point (FEP). The prototype will have the same
construction as the storage trap. We plan to develop the trap at 300 K as a first
step and then proceed to cool down the to 4 K. The ring electrode and insulators
are made of cryogenic compatible material, namely Cu-OFHC and pure sapphire. A
3-T superconducting solenoid has been installed at TU Darmstadt, with warm-bore
diameter of 30 cm and axial length of 50 cm. The solenoid has a homogeneity of
2 % within cylinder of axial length 50 cm and 30 cm diameter. This makes our
prototype ideal to test the properties of non-neutral plasmas and to gain experience
handling such devices in Darmstadt with the group.

6.6.1 Foreseen developments

• align the trap relative to the magnetic field low-energy electrons

• accumulate as many electrons as possible in a predefined trap potential

– add electrons to the trap, while a loss of the stored particles is minimized
– measure the total charge of the stored plasma by transporting the plasma

from the trap onto the Faraday cup.
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– transportation has to be adiabatic to avoid heating, which might distort
the plasma shape

• test the manipulation of the electron plasma in the trap

– fractional extraction from the non-neutral plasma
– optimise amplitude and frequency of rotating wall technique
– determine the relevant mode frequencies for the non-destructive diagnos-

tics
– compare the plasma properties to measurements with the destructive

diagnostics

• investigate the behaviour of mixed-species plasmas by introducing light and
positively-charged ions

– nested potential for oppositely charged particles
– derive the lifetime of the mixed plasma considering charge recombination

• transport test of the filled final trap

– estimate the impact of vibrations during the entire operation



Chapter 7

Detection

7.1 Overview

The detection system previewed for PUMA is made up of two parts: One for the
storage zone and one for the collision zone. Both parts are within the 4–Tesla PUMA
solenoid. The signals are transported via low capacitance cables to a common data
acquisition system with the front and back end electronics being housed outside the
magnetic field.

The detection system in the collision zone consists of a Time Projection Chamber
(TPC) around the collision trap, surrounded by a barrel made up of scintillator axial
plastic bars read out by Silicon Photomultipliers (SiPMs). A sketch of the proposed
setup is presented in Fig. 7.1. After the annihilation takes place in the collision
trap, energetic pions are produced. The charged particles traverse the gas volume
of the TPC and ionize the atoms of the gas mixture along their trajectory. The
released electrons drift towards the anode plane driven by an electric field applied
between the endplates of the TPC. At the anode plane, the electrons are collected on
the readout pads which are oriented facing the drift direction. Because the electron
signal from the primary ionization process is very low, it is amplified before collection
by means of a Micromegas detector with a resistive Kapton layer [190,191].

In addition to the system described in the collision region, a detection system
in the storage region monitors the antiproton decay rate: it allows a measure of the
pressure in the zone and it will also measure the position of the decay. The system
consists of two plastic barrels surrounding the storage zone. The detection of the
pions in the inner and outer barrel for each decay will provide information of the
position of the decay.

In order to optimize the geometrical acceptance and the detection efficiency,
simulations based on the Geant4 toolkit [192] as well as the analysis using the
ROOT framework [193] have been carried out. They consist of three main blocks:

• The simulation of the detector and the generation of the pions corresponding
to realistic events in the trap.

• The drift of the ionization electrons towards the pad plane.

97
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Figure 7.1: Sketch of the detection system. The trap cryostat and vacuum chambers
are not shown.

• The identification of the vertex and the charge of the pions by the bending of
the tracks in the magnetic field, based on the method validated by the MINOS
collaboration [194,195].

Details are described in the following sections.

7.2 Efficiencies and resolution

7.2.1 Event generator

Each event produced in the simulation consists of a set of pions randomly gener-
ated according to the appropriate branching ratios of antiproton–neutron [196] and
antiproton–proton [197] annihilations. The total kinetic energy that satisfies energy
conservation is isotropically shared among final–state pions. The energy distribu-
tion of the pions at the creation vertex, obtained from the simulation, is depicted in
Fig 7.2.

Afterwards, the energy loss of the particles in the TPC (10–15 keV with a track-
length of ∼15 cm) as well as the interaction points of the particles in the gas are
calculated with Geant4, information used to implement the electron drift. Fig. 7.3
presents a typical event in the collision trap surrounded by the TPC and the plastic
barrel.



7.2. EFFICIENCIES AND RESOLUTION 99

htemp
Entries  4059
Mean    216.7
RMS     137.3

E (MeV)
0 100 200 300 400 500 600 7000

20

40

60

80

100

htemp
Entries  4059
Mean    216.7
RMS     137.3C

ou
nt

s

E (MeV)

htemp
Entries  4059
Mean    216.7
RMS     137.3

E (MeV)
0 100 200 300 400 500 600 7000

20

40

60

80

100

htemp
Entries  4059
Mean    216.7
RMS     137.3

Figure 7.2: Kinetic energy distribution of charged pions at the vertex.

Figure 7.3: Typical event simulated with the Geant4 toolkit. The blue line corre-
sponds to a π− and the red ones to π+.

7.2.2 Drift of electrons

In the active volume of the TPC, the energy loss is calculated at each interaction
point of a charged particle with the sensitive gas. The number of primary ionization
electrons at a given point is randomly generated following a Gaussian distribution
centered in the ratio of the energy loss at that point over the mean energy of an
electron–ion pair creation. The variance is given by the mean value multiplied by
the fano factor, which varies according to the gas used [198].

The final position of each of these primary electrons in the anode plane (XY
plane) also follows a Gaussian distribution, centered at the creation point (x0,y0,z0):

Pi =
1√

2πσT
e
− (i−i0)2

2σ2
T

Where i = x, y, σT = DT
√
z0 and DT is the transverse diffusion coefficient.
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Similarly, along the drift direction (Z), the probability distribution considers instead
the longitudinal diffusion coefficient DL, with σL = DL

√
z0

Pz =
1√

2πσL
e
− (z−z0)2

2σ2
L

The transport parameters used in this simulation (namely the drift velocity, DT

and DL) were calculated beforehand with Magboltz [199] in the conditions of the
experiment for different gas mixtures (see section 7.2.5).

Each electron amplified in the Micromegas detector is simulated considering a
random gain following a Polya distribution [200] with a mean value corresponding
to the expected gain for each gas mixture simulated. In the case where the resistive
foil is included, the amplified charge is diffused over the foil (which is glued to the
anode plane), following the Telegraph equation [201] (see section 7.4.1).

The anode plane is segmented into rectangular pads of constant size in which
the response of the electronics system is simulated. The model used was developed
and validated in the MINOS experiment [194]. The signal is sampled in time and a
noise corresponding to the capacitance of the cable length of 1 m (60 pF) is added
to each sample. A threshold is applied to select pads for which the signal is larger
than five times the σ r.m.s. of the noise, estimated tentatively to 2500 electrons.

7.2.3 Tracking method

The correct determination of the charge of the pions is key to determine which type
of nucleon was annihilated on the surface of the nuclei (p̄p or p̄n). Charged particles
in an electromagnetic field experience a curvature in their trajectory following the
Lorentz force

F = q(E + v ×B).

If a uniform magnetic field B perpendicular to the velocity v of the particle
is applied, then the force F will be orthogonal to both quantities at each instant,
making its trajectory circular. The direction of motion will only depend on the
charge q of the particle, making it possible to differentiate π+ from π−. If, in
addition, an electric field E parallel to B is applied, the final motion of the charged
particle will become helical.

For this reason, a track reconstruction software to determine the direction of
the particle’s trajectory in the XY plane is implemented. To that end, each track
is fitted with the circle equation using the MINUIT tool with the MIGRAD min-
imizer [202]: The data points considered are the center of each pad that was hit
weighted by the charge it collected. An additional constraint for the minimization is
that the track should arrive from the center of the trap, meaning that the XY origin
is an extra point added to every track. Figure 7.4 shows an example of a fitted track.
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Figure 7.4: Two-dimensional charge distribution collected of one track after the
drift of electrons following an event. The vertical line represents the fitted curve (a
section of a circle) on the track.

7.2.4 Efficiencies

The TPC geometry needed to maximize the detection is explored considering three
main parameters: the TPC external radius R, its length L and the pads size.

We define the total efficiency as

εtot = εTPC · εID

where εTPC corresponds to the ratio of the number of pions that deposited energy in
the TPC with respect to those that were generated in the trap (in other words, they
were within the TPC’s geometrical acceptance and not absorbed by the surrounding
materials). The variable εID is the ratio of the number of particles whose charge was
correctly identified by the analysis software implemented over the total number of
tracked pions.

TPC length

Figure 7.5 displays the efficiencies εtot (triangles), εTPC (squares) and εID (circles)
obtained as a function of the length of the TPC after the simulation of 1500 events
per point, corresponding to roughly 3500 pions. The material from which the trap
is made of as well as the rest of the components surrounding the trap (such as the
electrodes and the aluminum shields, described in Chapter 6) were simulated. The
external radius of the TPC used for this simulation was R=140 mm and a point-like
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plasma cloud was used. The pads dimensions used were 3 mm of height and 2 mm
of width. The resistive foil was not considered.
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Figure 7.5: Efficiencies εtot (triangles), εTPC (squares) and εID (circles) as a function
of the length of the TPC. The error bars correspond to statistical uncertainty from
the simulation.

It is observed that the determination of the pion’s charge (εID) under this con-
ditions is ∼95% and the limiting quantity in this case is εTPC. A plateau beyond
∼280 mm is observed, therefore we consider that the total efficiency of∼78% reached
for a TPC of 300 mm length is close on an optimal value.

TPC external radius

The TPC internal radius Rint=53 mm is fixed by the dimensions of the trap. Simu-
lating the detection efficiency as a function of its external radius is relevant for the
evaluation of the dimensions of the plastic barrel as well as for reducing costs.

Figure 7.6 shows the efficiencies obtained in the same conditions as for the length
study, considering a length L=300 mm. The red curve (squares) corresponds to
the aforementioned εTPC which, as expected, remains constant. The absorption
probability of a pion depends only on the materials the particle traverses during its
path towards the TPC sensitive gas, and the geometrical acceptance only depends
on its length. An increase is observed on the charge identification efficiency εID

(circles) due to an increase of the track length as the radius enlarges. A plateau is
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reached at R∼110 mm, which determines the minimum radius that the TPC should
have, and the value under consideration is R=120 mm.
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Figure 7.6: Efficiencies εtot (triangles), εTPC (squares) and εID (circles) as a func-
tion of the external radius of the TPC. The error bars correspond to statistical
uncertainty from the simulation.

Pad size

The choice of the pad size should be a compromise between the TPC performance
and the number of channels foreseen to be used in terms of available space for connec-
tors. Considering that the geometry of the pads will be rectangular, Fig. 7.7 shows
the total efficiency εtot obtained for pad sizes from 2×2 to 5×5 mm2, where each
curve is the pad length in the direction parallel to the radial axis of the TPC (called
dr) and its perpendicular direction (dl). The error bars correspond to statistical
error.

It is observed that the largest difference in dl is ∼ 5%, at dr=3, and in dr
is ∼ 2%, at dl=4 and that the efficiency increases at smaller sizes. Taking this
into account, the pad sizes considered from this study are dl=2mm×dr=4 mm,
dl=3mm×dr=3 mm, dl=3mm×dr=4 mm and dl=3mm×dr=5 mm which would
correspond to 4269, 3955, 2844 and 2324 channels respectively, for a TPC with an
external radius of 120 mm.
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Figure 7.7: Efficiency obtained for different pad sizes.

7.2.5 Choice of gas

The choice of the gas for the TPC is a trade-off between electron transverse and
longitudinal diffusions, electron drift velocity and maximum reachable gain. From
the mentioned parameters, PUMA’s event rate (10-100 Hz) does not require an
ambitiously high drift velocity. Instead, more importance is given to the gain in the
amplification step and the transverse diffusion coefficient, which is relevant for the
centroid determination given the strong magnetic field of PUMA. Both parameters
can also be influenced by the addition of a resistive layer glued to the anode plane
(see section 7.4.1).

As a general rule, a noble gas is used as the ‘carrier’ which is mixed with a
‘quencher’ [203]. Mixtures of gases used in existing experiments were introduced
in the simulation under the conditions of the PUMA experiment, namely a 4–Tesla
magnetic field and atmospheric pressure:

• The gas mixture used for ALICE, Ne/CO2/N2 (85.7/9.5/4.8), provides low ra-
diation length and hence low multiple scattering. As CO2 is a weaker quencher
than the most commonly used CH4, N2 is added to increase the stable gain
limit. This ALICE mixture, however, requires an electric field several times
higher than that required for Ar/CH4 mixtures to achieve a similar drift ve-
locity [204].

• The T2K mixture (Ar/CF4/isobutane - 95/3/2) offers a high drift veloc-
ity at a moderate electric field, a relatively low longitudinal diffusion con-
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stant of 250 µm/
√

cm and a transverse diffusion coefficient of ∼20 µm/
√

cm
at 5 T [205].

• The MINOS experiment used the same mixture as T2K but with different
proportions (82/15/3). Argon, for its low average energy required to produce
one ion/electron pair (26 eV); CF4 to speed up the electron drift velocity and
lower the diffusions in the 200–300 V/cm electric field range; and Isobutane
for its known quencher capabilities for the amplification avalanche [194].

Fig. 7.8 shows the total efficiency εtot obtained for these three gas mixtures as
a function of the aforementioned parameter, dl, with a fixed length, dr = 3 mm.
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Figure 7.8: Detection efficiency obtained for the three different gas mixtures as a
function of the pad width, dl, at a fixed pad length dr = 3 mm. The error bars
correspond to statistical uncertainty.

It is observed that both the ALICE and the T2K gas mixtures provide a similar
output, although the performance using the MINOS gas is slightly lower. In the
following, we will consider a similar gas mixture to the one used for T2K.

7.3 Background rejection
The influence of atmospheric muons, product cosmic ray showers in the atmosphere,
is investigated. Simulations with Geant4 have been made to determine their rate
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and the rejection capabilities of PUMA.

7.3.1 Event generator

The simulation of atmospheric muons was done using the Cosmic Ray Shower library
(CRY) integrated in Geant4, in which cosmic ray showers are generated from data
tables and show good agreement with cosmic rays measurements [206]. The library
allows to choose a set of parameters (altitude, latitude and date -to account for the
eleven year, sunspot cycle-) to adjust the particle distributions to the conditions
in which the experiment will work. Cosmic particles are generated in an area of
3×3 m2 at 2 m above the detector.

7.3.2 Rate of atmospheric muons

From the simulations, the rate of muons expected to cross the TPC is ∼2 sec−1.
However, ∼90 % of them are rejected by adding the constraint that their track should
also pass through the collision zone of the trap: In this case, after a simulation of
3 million muons, the expected rate is 8 ± 0.5 min−1. Figure 7.9 shows the energy
deposit in the TPC by the muons compared to that of the pions assuming a rate
of 10 min−1 real events, where a clear cut can be seen at ∼30 keV and only less
than 1% of the pions will have an energy deposit in the TPC similar to the muons.
In addition, muons will only pollute the channels of multiplicity M = 1 and 2,
which represent 30% of the total branching ratios. Considering all of these factors,
it is estimated that at least 99.7% of the muons will be rejected. Moreover, it is
expected to further reject muons from the track reconstruction in the z-axis during
the analysis process and the measurement and subtraction of the background before
the ions are introduced.

7.4 Time projection chamber design

The PUMA-TPC is being conceptually designed in collaboration with CEA-Saclay
and MPGD laboratories (Section EP-DT-EF). The MPGD laboratory will build the
TPC, except for the cathode which will be designed at CEA-Saclay. The TPC will
be delivered functional in terms of tensions (anode, cathode and field cage) and gas
seals. Testing with cosmics will be done at TU Darmstadt as of July 2020.

An important consideration with the conceptual design of the PUMA detection
is the long reliability factor that is required. The reason is that the dismantling
after integration and alignment to the system would entail breaking the extremely
high vacuum. Hence the TPC design includes additional features when it comes to
the gas supply, HT stability, mechanical stability, choice of connectors and redun-
dancy measurements. This is seen in the field cage construction, choice of MPGD
amplification, connectors, SiPM readout, etc.
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Figure 7.9: Comparison of the energy deposit in the TPC by muons and pions.

7.4.1 Micromegas amplification

A signal amplification is needed when using a TPC [203]. One of the standard
options, the Micromegas detector, consists of a micromesh separated typically by
100 µm from the anode plane, where the amplification takes place by creating a
strong field of ∼tens of kV/cm in this gap. As a consequence, the ionization electrons
that arrive to the micromesh are accelerated and produce an avalanche of electrons,
which induce a signal in the pad plane before being collected.

In particular, the technique chosen for PUMA, called the resistive Micromegas
technology, contains an additional feature: it consists of gluing a thin resistive foil to
the readout plane [191] (typically Kapton) and, as a result, the avalanche produced
in the amplification gap will be diffused in the resistive foil following the Telegraph
equation

ρ(r, t) =
RC

2t
e−r

2RC/(4t)

where RC are the resistance and capacitance respectively, determined by the spacing
between the anode and the readout pads, and the dielectric constant of the glue.
This provides a number of advantages:

• The resistive coating will reduce the spark frequency and hence increase the
lifetime of the detector electronics. This feature is especially important since
we do not intend to unmount the detector from the system once it is integrated
into the trap.

• The pre-amplification stages of the electronics do not need to be protected if
this technique is used.
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• With the high suppression of transverse diffusion in strong magnetic fields, the
track ionization charge clusters arriving at the pad plane will be confined to
a single pad, therefore resulting in loss of resolution. However, the spread of
the signal over a larger number of pads will enable a more accurate centroid
determination.

A standard 128 µm gap between the mesh and the resistive foil will be used for
amplification. Simulations of the electron amplification and diffusion in the resistive
foil with typical values of R and C (R ∼1 MΩ and C ∼ a few pF) have been
made, showing a small improvement of the order of 1% in the charge identification
efficiency, which was already higher than 95 %, as shown in Sec. 7.2.4.

7.4.2 Field cage and mechanics

One of the challenges for the TPC is the field adjustments between the Anode
and field cage so as to keep a satisfactory uniformity in the electric field, in order
to eliminate the distortion in the drift velocity over all the active volume. This
complexity is due to the small volume of the TPC and the relatively small available
volume inside the magnet. Hence the active anode-to-field cage interface is very
close (2-3 mm). A prototype was built and it is shown in Fig. 7.10. Adjustment to
the final rings on the field cage might be necessary in the ‘real’ detector. These tests
will be undertaken once the electronics have been implemented on the TPC using
cosmic rays. The field cage and pad plane allows modification of the field through
accessible resistors. Further resolution and stability measures will be undertaken
with the full barrel cover of the TPC over approximately three months. Resolution
measurements and efficiency measurements using cosmic rays will be performed.

Figure 7.10: Prototype of the field cage.

7.4.3 Gas handling system

The gas system is an open-loop system where the premixed gas is provided from
a standard B50 bottle. The final composition still needs to be chosen to be in
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accordance with the safety regulations at CERN. In addition, the safety of the gas
handling will be discussed with the safety division of CERN.

The gas flow is regulated from a flowmeter in series between the regulator of the
bottle and the TPC. The pressure in the TPC relative to atmospheric pressure is
kept constant with better than 0.1 mbar precision. Oxygen and water are removed
from the gas with cartridges filled with a copper catalyzer. Ten l/h of mixed gas
continuously flows through the TPC which has a volume of 16 l. A small amount
of gas is exhausted through an analysis line which provides a measurement of the
O2 and H2O contaminants. The exhaust will be combined with an oil-filled bubbler
to avoid air back-flow. The system, schematically shown in Fig. 7.11, is arranged
in functional modules distributed on shells of the frame system and on the floor of
the PUMA frame. A Programmable Logic Controller (PLC) will control the system
with a user interface based on National Instrument software and modules.

TPC

gas analyser

PUMA frame

Bubbler

HV general valve

Mass flow controller

Gas analyser

Figure 7.11: Schematic view of the gas handling system.

During transportation, the main gas bottle will be disconnected from the system
and, to avoid contamination of the TPC volume during this phase, the gas system
will run on a (smaller) backup gas supply attached to the frame.

7.4.4 Electronics

The PUMA detection system consists of a TPC (< 5000 channels) with a plastic
barrel which is read by 112 SiPMs. The storage zone is surrounded by two concen-
tric barrels. Tests with sample cables from the Barrels and TPC are programmed,
however experience from MINOS [194] at RIKEN largely covers the difficulties as-
sociated with the cable lengths needed. The trigger rate expected for PUMA is
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in the range of 10 to 100 Hz. The electronics system considered suitable for such
requirement relies on existing developments for TPCs [194,207].

TPC Front-end electronics

The front-end electronics basically consist of the Front-End Cards, ARC, shown
in Fig. 7.12 in its electromagnetic shield. ARC collects the analog signal from the
pads through four readout Application Specific Integrated Circuits (ASICs) which is
sampled in an analog memory (511-bucket switched capacitor array) and converted
into digital format using a 4 channel (one per ASIC), 25 MHz 12-bit multi-channel
analog-to-digital converter (ADC).

Figure 7.12: (Left) ARC front end card equipped with four AGET chip. (Right)
ARC front card with the electromagnetic shield and a fan.

The system can operate with three ASIC developed at IRFU, namely AF-
TER [207], AGET [208] and now ASTRE [209]. All three allow for pulse shape
readout up to 100 MHz. We will be deploying the last generation, ASTRE, which
has recently been tested and is operational. These newer generations of chips contain
64 channels where the maximum charge, the peaking time (50 ns to 1 µs), and the
sampling frequency are programmable. Additionally, AGET and ASTRE provide
the possibility of self-trigger, with a discriminator in each channel for multiplicity
building that allows only hit channels to be read-out, accordingly reducing dead-
time. Another advantage is that charge sensitive preamplifier (CSA) has a variable
gain to support the dynamic range of 120 fC to 10 pC for event rates of up to 1
kHz, which is adjustable for each channel.

Although both AGET and ASTRE are suitable for PUMA, ASTRE includes a
few improvements such as radiation hardness, addition of a gain in the multiplicity
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signal (2, 4 or 8 times larger) which accounts for better discrimination of the different
levels, hindered before by noise fluctuations [210]. Flat cables give the input from
the TPC and SiPMs. Outputs, numeric data, clock, and trigger are optically carried
to the Trigger and Data Concentrator Module (TDCM) and the switch. Hence the
system is reasonably well protected from electromagnetic disturbances. An assembly
in crate is shown in Fig.7.13. Firmware and software codes will be tested before pre-
assembly in the magnet.

Figure 7.13: Front-end and back-end cards set within an enclosure.

Back-End electronics

The data of each detector module is transported to the back-end unit by optic
fibers. The back-end consists of a TDCM, seen in Fig. 7.14, which distributes a
primary reference clock to the set of front-end cards as well as a common trigger
signal and global synchronization of the front-ends [211]. The TDCM is composed
of two mezzanine cards (custom made board that can house up to 16 small form
factor pluggable optical transceivers (SFP)) that are plugged into the carrier board
of the back-end unit, a Field Programmable Gate Arrays (FPGA) module (the Mer-
cury ZX1 commercially available from Enclustra [212]), and a main carrier board
designed to carry the FPGA module and the mezzanine cards. A test setup is cur-
rently under preparation at TU Darmstadt.

For an average of 4000 pads to be read (according to the estimation made in Sec.
7.2.4), 63 chips contained in 16 front-end cards would be needed. Regarding the
back-end, One TDCM module would suffice since it can host up to 8000 channels
(16 front end boards per mezzanine card) A diagram of the electronics system is
shown in Fig. 7.15.

Here we have not included a detailed description of the ARC+TDCM system
as it has been largely documented in FEMINOS [213]. However it is important to
note that ARC+TDCM is a second generation of FEMINOS and we thus expect
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Figure 7.14: Back-end TDCM.
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Figure 7.15: Diagram of the electronics architecture.

an enhanced performance with this novel system even though the PUMA project is
less demanding both in coupling with other subsystems and in rates.

SiPM and Front-end electronics

To investigate which electronics is to be used, tests were done at CEA-Saclay where
SiPMs have been coupled directly to the AGET chips, showing satisfactory results.
Therefore, it is probably not necessary to introduce an external pre-amplifier to the
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AGET chip. Tests with appropriate sources will confirm the choice, and preampli-
fiers that adapt to AGET are available on the market if necessary.

7.5 Plastic barrels

Present estimates indicate that 28 longitudinal bars will be used for the barrel
surrounding the TPC and the number of bars for the two barrels in the storage
zone have to be optimized. Every scintillator bar will be read off by two Silicon
Photomultipliers (SiPMs) at either end.
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Figure 7.16: Acceptance obtained for simulated events detected in the plastic scin-
tillators. The red vertical line shows the length of the TPC. The dotted line shows
that the maximum acceptance is 0.98 from ∼450 mm, on.

The choice of plastics, geometry and SiPM are relatively standard. Nevertheless,
at this stage of the project, samples of two types of plastic are being considered.
Machined Trapizodial sectioned polished bars of 5 mm and 8 mm thickness bars are
being purchased. Teflon and aluminised mylar will be deployed to allow minimum
light cross-talk and to reach optimal light capture. Two types of sample SiPM will
be tested that couple well with the plastics in terms of wavelength response. They
will be glued on tapered bar and rings. Once satisfactory performance is reached,
an order for the 3 barrels will be issued. The three barrels will require approx 240
channels of electronics each. The wrapping and gluing of the plastics and assembly
mechanics, as well as the testing of the assembled barrels (as mentioned previously,
using pulses, lasers, cosmic and sources) will be done at TU Darmstadt.

The curve presented in Fig. 7.16 corresponds to the study of the plastic’s accep-
tance. The efficiency, in this case, is defined as 1 each time at least one particle of
a given event that deposited energy in the TPC, also deposits energy in a plastic.
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Considering a TPC of 300 mm long, the maximum efficiency is reached for length
of ∼450 mm.

7.6 Foreseen developments
• TPC will be built at the EP-DT-EF (CERN) laboratory (R. de Oliviera) and

will be ready in July 2020.

• A prototype test will be done using cosmic muons for approximately 3 months
to establish reliability and performance in 2020.

• The online acquisition software will be fully developed by the end of 2019.

• Further study and simulations to evaluate the influence of resistive Micromegas.

• Development of the gas system and control.

• Electronics system for the barrels and the prototype.

• Investigation on the capabilities of studying X-rays and recoil residue detec-
tion.



Chapter 8

Operation at ELENA

8.1 Possible locations
As suggested by the SPSC in its minutes of the 131st meeting [8], options for the
location of the experiment have been explored. The details and costs estimates are
reported in the dedicated Engineering Change Request [214]. At the time the ECR
was written, it was unclear if the AEgIS experiment would change location. Two
options of sites at ELENA that fulfill the requirements of PUMA were investigated:

• At experimental area LNE51, currently occupied by a portion of the ASACUSA
laser room, located close to the GBAR bunker.

• At the current AEgIS location (LNE02) if the AEgIS experiment is relocated.

It is now clear that the AEgiS collaboration will not request a change of location
in the near future [215]. We therefore only detail in the following the option of
installing PUMA in the new experimental area LNE51.

The LNE51 experimental area is the only possibility available at present (Fig. 8.1).
The location is suited for the PUMA experiment and to the specific case of a mov-
able experiment: it is indeed the closest location to the transfer gate allowing a
one-step crane operation and a fast transfer.

In Figure 8.1, the wall on the left hand side of the proposed experimental area
is the GBAR perimeter wall, which already exists. However, the right and front
walls including the main experimental zone entrance door still need to be built with
standard concrete blocks. Presently, on the right hand side of the proposed zone,
the ASACUSA laser hut occupies a fraction of the surface. The laser hut would,
therefore, have to be modified to leave space for the new experimental zone and
space for a controlled access to the ELENA ring. The work is already started, and a
new extension of the ASACUSA laser hut is already operational. About two meters
of the present ASACUSA laser room still need to be removed from the new experi-
mental area, and a new access control to be made. A possible layout of the PUMA
experiment can be seen in the CAD representation in Fig. 8.2.
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Figure 8.1: (Top) First option for PUMA at ELENA: the LNE51 zone. The available
space for experiments is 14-meter long and 4.4-meter wide. (Bottom) Zoom of the
LNE51 zone with a representation of PUMA on site.
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Figure 8.2: CAD drawing of the conceptional positioning of the PUMA setup at the
AD.

8.2 Infrastructure

8.2.1 Electrical distribution

The PUMA experiment will have the specificity to move back and forth between the
AD and ISOLDE, typically twice per year. In the AD, the trap will be transported
by the 50-ton crane onto a truck located at the loading platform in front of the
transfer gate. During these transport operations, a number of systems must be
powered without interruption. The requirements are therefore the following:

• While sitting in the experimental area and suspended from the crane: 70 kW
(40 kW at 400 V - 3 phases, and 30 kW 240 V - 1 phase).

• Vital apparatus which cannot suffer any short power outage (trap electrodes,
control circuit for the solenoid) will rely on a 80 kW UPS in series with the main
power grid. It is important that the disconnection and connection operations
are totally transparent to the apparatus in terms of power supply since any
power shortage would lead to the instantaneous loss of the antiprotons.

It is foreseen that the UPS is attached to the PUMA apparatus at all times, that
would be connected either to the AD mains, to the truck generator or to the ISOLDE
mains. Discussions with EL group point to a single UPS of 100 kVA attached to the
PUMA apparatus at all time, that would be connected either to the AD mains, to
the truck generator or to the ISOLDE mains. This UPS would then be the interface
to the various power supplies and would guarantee no glitches at disconnection and
connection operations. The cost of this solution is evaluated in the ECR.
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8.2.2 Cooling water

Cooling water will be needed for the experiment, in particular for the cryo-coolers.
The total cooling capacity required is estimated to 50 kW. The water flow will be set
to 40 liters per minute and the maximum temperature of the cooling water should
be limited to 29◦ Celsius. In case of power outage, it is foreseen that the chiller will
start automatically, providing the necessary cooling for the PUMA operation.

8.2.3 Control room

A new control room is expected to be provided for the PUMA collaboration. A 45
m2 spare room had been planned and so far kept free in 93-1-031 for new experiments
at ELENA.

8.2.4 Developments and storage space

The experiment needs additional space for the storage and preparation of trap and
detection parts. Two modules of 15 m2 each are requested for PUMA developments
and storage of small equipment. Additional storage capacity (70 m2) should be ac-
commodated somewhere else on the Meyrin site, as there is no more capacity at AD.
The storage zone should allow delivery and storage of objects up to one ton and of
height up to three meters.

8.3 Beamline

8.3.1 Beam from ELENA

At CERN, antiprotons are produced by colliding a 26 GeV/c proton beam onto an
iridium target. A fraction of the protons interact via the reaction p+p→ p+p+p+p̄.
Collected and injected into the AD at the most favourable momentum of 3.6 GeV/c,
they are then successively decelerated and cooled down to an energy of 5.3 MeV. A
typical AD cycle lasts around 110s. The new Extra Low ENergy Antiproton ring
(ELENA) is crucial for PUMA since a high trapping efficiency, and therefore a low-
emittance low-energy bunched antiproton beam is required to store 109 antiprotons
in a timescale of one week.

In 2018, before the second long shut down (LS2) of the LHC, ELENA successfully
demonstrated the feasibility to further decelerate antiproton bunches down to 100
keV before ejection toward experiments. The ELENA ring will be able to provide
up to 6× 106 p̄ to four experiments at the same time.

In the following of this section, the beam parameters are assumed to be con-
sistent with those referred in Ref. [216]1. The layout of the new line presented

1The momentum spread in the extraction line is taken to ∆p
p = 5.10−3. The value presented
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here is similar to a layout once considered for the AEgIS relocation. The needs of
PUMA are slightly different, although the main elements will remain identical. In
the baseline design for LNE50 to GBAR experiment, sufficient space was allocated
to install a fast switch and deflector to service other experimental stations on an-
other beamline. Along with the integration constraints in the hall, this switch serves
as the starting point for the design of the LNE51 line. To satisfy the integration
constraints and match the beam to the PUMA experiment at the end of the line,
four extra quadrupole units (ZQNA) are needed along with a 37.7 degree standalone
deflector and the standard ZDFA-ZDSA switching unit integrated in LNE50. Two
beam profile devices (SEM or BSGWA) are proposed to be installed in the LNE51
line. The last profiler should be placed immediately upstream of the vacuum valve
at the handover point. The layout of the LNE51 beam line is shown schematically
in Fig. 8.3.

Figure 8.3: Vizualisation (CATIA integration model) of beam elements to implement
between ELENA and the handover point of LNE51.

8.3.2 The pulsed drift tube (PDT)

The antiprotons from ELENA will be decelerated from 100 keV to 3 keV using the
same pulsed drift tube (PDT) technique as employed by the GBAR experiment.

in Ref. [216] is assumed inside the ELENA ring and does not fit with the expected value in the
LNE51 line.
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This technique relies on the electrostatic deceleration of the antiprotons pulses by
switching a drift tube from -97 kV to ground while particles are travelling through.

At CERN, antiparticle beams are transported at ground potential. When a beam
with a kinetic energy Ei arrives in the vicinity of the drift electrode polarized at
a potential V, the electric gradient at the entrance decelerates the charged parti-
cles. Inside the drift tube, antiprotons travel through with a remaining energy of
Ef = Ei − V

e
. Since the longitudinal potential in the tube is flat, the pulse feels no

gradient of potential. The voltage applied on the drift tube can then be switched
from -97 kV to ground. When exiting the tube, the decelerated antiprotons do not
feel any re-accelerating gradient.

The ELENA technical design report specifies an antiproton beam emittance of
4π mm.mrad on the vertical axis and 6π mm·mrad on the horizontal one. Ac-
cording to Louville’s theorem, the emittance of the beam will blow up during the
deceleration process. To counterbalance the increase of the emittance at the tube
entrance, upstream optics are necessary. The GBAR experiment uses a six elec-
trodes pre-decelerating system designed for more flexibility in the potential shape
at the entrance. Based on a similar system, simulations [217] have shown that a
much simpler design based on telescopic optics should be enough. In this proposal,
we propose to implement a simple and compact Einzel lens-based design at the en-
trance of the drift tube. A first design of the pulsed drift tube for PUMA is shown
in chapter 4, Fig. 4.11.

A deceleration down to 3 keV results in an increase of the emittance of a fac-
tor 6. The PUMA project proposes a two step deceleration: first, in a dedicated
apparatus, from 100 keV to 3 keV for a better beam definition and, second, using
a smaller pulsed drift tube in the solenoid field from 3 keV to few hundreds of eV
taking advantage of the magnetic field for the radial confinement of the antiprotons.

Past experience with pulsed tube deceleration has shown very good efficiency up
to 80% with heavy ion beams [218, 219]. Such efficiency is achievable in the frame-
work of the PUMA project.

The current preliminary design of the Pulsed Drift Tube (PDT) integrates an
injection Einzel lens, the drift tube electrode and a second refocusing Einzel lens.
Both Einzel lenses’ electrodes have a diameter of 100 mm. Such a diameter is nec-
essary to accept the decelerated beam without suffering incorrigible edge effects.

However, the wide opening of the electrodes requires applying higher voltages to
generate a potential on the optical axis high enough to act in the desired way on the
beam. According to preliminary simulations, a potential of maximum 90 kV on the
optical axis is necessary to guarantee an optimal operation of the injection Einzel
lens. The length is chosen as a compromise between the total length of the system
and the maximum applicable voltage on the electrode. Standard electrical vacuum
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feedthroughs could support until 100 kV, the length of the electrode should not be
below 100 mm to generate until 90 kV potential on the optical axis. Preliminary
simulations have shown that that gap size between the injection Einzel lens and the
PDT has a negligible effect on the emittance downstream. The gap between the
injection Einzel lens and the PDT is then taken to its minimum.

The refocusing Einzel lens is less sensitive to technical considerations since the
potential applied on it is small with respect to the injection one. A simple design
based on 30-mm-long cylindrical electrodes spaced by 10-mm gaps is implemented.

According to [216], the bunch length is expected to be 300 ns at 100 keV. It
corresponds to a bunch length of 1.3 m. When decelerated to 5 keV, the bunch
length shrinks to 29 cm. The bunch length is small compared to the 700 mm drift
tube. We consider here the displacement of the ion when switching the tube2 which
represents a displacement of 20 cm and margin zones of 10 cm on each side of the
tube to limit the effects induced by the edge of the potential plateau.

8.3.3 The pulsed ion source system

In order to investigate the injection conditions into the PUMA trap, we propose
here to develop a pulsed ion source system. This source will offer the possibility to
perform reference measurements with protons, He isotopes and other stable ions as
a crucial step before the transport operations.

A hot filament source will generate ions from the ionization of different gases
injected into the plasma chamber. The ionization process in the plasma chamber
requires a vacuum level of the order of 10−3 mbar which is not compatible with the
PUMA trap operation. We purchased a commercial deferentially pumped source
(model IEQ 12/38 from SPECS) leading to a vacuum of about 10−8 mbar at the
extraction of the source. The extraction potential of the source is tunable up to 5
kV. It offers a sub-millimetre beam spot at a tunable focal position.

Such ion sources do not generate a single-species beam. Other undesired ion
isotopes must be separated from the ions of interest. The desired isotopes will be
selected by using a Wien filter or a Multi-reflection time-of-flight mass separator
(MR-ToF MS). The Wien filter selects the velocity of the particles by the associ-
ation of a magnetic field and a transverse electric field. When the magnetic field
tends to bend the charged particle trajectory, the electric field counterbalance this
effect. It is then possible to select the desired species according its charge over mass
ratio q/m and its momentum. The resolution in the species selection downstream
depends largely on the shape and size of the optics. For this purpose, we propose
a compact design based on the use of strong neodymium permanent magnets to
generate the magnetic field. Such type of Wien filter is currently used on the GBAR

2A basic falling-time of 200 ns is considered as observed on 150 kV Behlke switches.
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Figure 8.4: CAD representation of a quadrupole bender which is planned to be used
for the implementation of the offline ion source of PUMA while being located at
ELENA.

proton source system.
For a more versatile approach, an MR-ToF system will be installed in which a
bunched beam from a reference ion source can be injected. The flight-path of the
ions will be prolonged significantly due to the use of electrostatic mirrors. The ions
are then separated in their time-of-flight because of their mass difference and a single
ion species can then be extracted from it [220].

The ion source operates in a continuous beam mode which is not exploitable as
such for the PUMA experiment. That is why we propose to design a beam chopper
and buncher made of three meshes placed on the beam path. The outermost meshes
will be kept at ground potential when the intermediate mesh will be held at a poten-
tial high enough to stop the beam. By successively turning on and off the potential
applied on the intermediate mesh, the system operates as an electrostatic gate for
the beam, namely a chopper. The possibility to improve the transmission efficiency
into the trap is conceivable by applying a time-varying potential on the intermediate
mesh following the formula V = V0(1− (t/T)k) [38] with k, the time-bunching fac-
tor; T, the half-period of the bunching pulse and V0, the maximum potential applied.

When exiting the ion source, a fraction of the ions suffer recombination pro-
cesses. This neutral component of the beam would have a damaging effect on the
trapped antiproton plasma and must be removed. For this purpose, we propose to
implement the pulsed source system perpendicularly to the main antiproton line.
An electrostatic quadrupole bender (see Fig. 8.4) bends the ion trajectory with a
90-degree angle. Such device eliminates the residual neutral species from the beam
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since only charged particles undergo the 90-degree bending. In addition, such elec-
trostatic quadrupole will offer the opportunity to supply the PUMA trap with two
different types of particles without any mechanical operations. When the electrodes
of the bender are not polarized, the antiproton beam coming from ELENA will pass
through it without being affected. Reversely, when the electrodes are polarized, the
PUMA trap will be supplied with the ions coming from the pulsed source system.
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Chapter 9

Transport and Handling

9.1 Transport from ELENA to ISOLDE

PUMA is a transportable experiment with the specific requirement to remain under
operation during the transport phase since the storage of antiprotons requires the
full operation of the Penning trap. The transfer of PUMA will take place between
the ELENA experimental area (building 193) and the ISOLDE experimental zone
(building 170).

The foreseen itinerary is 2 km long and is shown in Fig. 9.1. The heavy weight
of the experiment and the expected length of the convoy prevent from considering a
shorter itinerary. The current itinerary implies slopes up to 6% in both directions.

The power consumption of PUMA is estimated to 70 kW in operation during
transport (20 kW of chiller power consumption to be added to the 50 kW of on-site
operation of the system). The transport time from ELENA to ISOLDE is estimated
to last one to two hours. A powering exclusively from batteries is excluded. PUMA
will always be connected to an external source of power.

A first operation is the transfer of the PUMA experimental from its experimental
location at ELENA (see Chapter 8) to the trailer. This operation will be performed
by the overhead crane. The AD hall is equipped with 50-ton cranes which are suited
for this operation. The power of PUMA will be switched from the grid to a powering
from the crane (see next section). Providing a 70 kW power from the crane requires
a modification of the present equipment.

Once PUMA is loaded on the trailer and during transport, the experiment will
be powered by an external diesel generator. A sketch of a possible truck configu-
ration is shown in Fig. 9.2. So far, a solution that allows to compensate the road
inclination along the itinerary is investigated. A simpler solution with no compen-
sation will also be considered. The frame will be equipped to record the acceleration
and vibration history of PUMA during the transport. Transport of fragile large-size
objects, such as accelerating cavities, have been often performed at CERN. Note

125



126 CHAPTER 9. TRANSPORT AND HANDLING

Figure 9.1: Itinerary of PUMA from ELENA to ISOLDE.

that the demonstration of transporting trapped charged particles was made more
than twenty years ago: an electron cloud in a Penning trap was transported by truck
over 5000 kilometers from the west coast to the east cost of the USA [221].

Figure 9.2: Sketch of a possible truck configuration for the transport from ELENA
to ISOLDE.

9.2 Handling
The attachment system on the PUMA frame will be developed to be compatible with
the cranes at ELENA and ISOLDE. The handling of PUMA has been investigated
and bottlenecks have been identified:

• The maximum height available for the crane operation is limited to 3.5 m at
ELENA (available space over the AD ring shielding),
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• the maximum length of the PUMA frame is limited by the delivery zone at
ELENA (6 meters) and by the insertion of PUMA in the ISOLDE hall.

The foreseen PUMA frame and its attachments for crane operations will fit these
requirements. A preliminary study was performed for the delivery at ISOLDE (see
Fig. 9.3). Before transporting antiprotons, a mock-up test with the full PUMA
apparatus from ELENA to ISOLDE will be performed. Additional information on
the handling and crane operation can be found in a dedicated presentation given at
the PUMA collaboration workshop [222].

Figure 9.3: Introduction of the PUMA frame inside the ISOLDE experimental hall.
The dimensions of the PUMA frame have been checked to be compatible with a safe
delivery to the ISOLDE hall.

9.3 Powering scheme
The powering scheme of PUMA requires particular care since the experiment will
be powered successively by five different power sources: (i) power grid of ELENA
on the experimental site, (ii) power grid of ELENA from the crane during extrac-
tion to the truck, (iii) generator on the truck, (iv) power grid of ISOLDE from the
crane during installation to experimental zone, (v) power grid of ISOLDE on the
experimental site. In addition, PUMA requires a protection against power shortage.
In 2018, many power shortage occurred at the AD, among which three were longer
than 500 ms. It is worth noticing that among these three two were longer than
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2 hours. The foreseen PUMA power UPS is not capable of protecting the experi-
ment against such events. The option of connecting PUMA to the diesel generator
(located in a dedicated site still to be found) within few minutes is being considered.

The PUMA powering scheme relies on an integrated UPS of 100 kW for a lifetime
of 10 minutes. The UPS allows a AC-DC-AC conversion which solves any phase
offset between two AC power sources. The UPS will adsorb power shortages from the
grid. In addition, it provides a power buffer in case of extra transient consumption.
The powering scheme is illustrated in Fig. 9.4.
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Figure 9.4: Powering scheme for the PUMA experiment. The UPS will be integrated
inside the PUMA frame.

9.4 Safety and radio-protection aspects
Contacts have been taken with the Safety and Radio-protection teams of CERN to
review all related aspects in PUMA. The following aspects should be considered:

• cryogenics: PUMA is free of cryogenic fluids. It is therefore considered as safe
with respect of over-pressure following an unexpected warm up of the system.
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• magnetic field: A moving high-field magnet can cause strong forces on mag-
netic material or be subject to such strong forces. We took particular care in
the design of the magnet to minimize fringe fields outside the solenoid through
active and passive shielding (see chapter 5). Ferromagnetic objects can become
harmful projectiles if the magnetic field is above the limit where the force in-
duced by the magnetic field overcomes the gravitational force. This limit is
defined as

Bz
∂Bz

∂z
∼ 2× 10−3 T2 ·m−1. (9.1)

In the case of PUMA, this condition is always satisfied outside the solenoid
cryostat, while fulfilled beyond 25 cm from the cryostat edge. The condition
is satisfied everywhere outside the frame of PUMA.

• high voltages: The last stage of deceleration of antiprotons at ELENA and
ions at ISOLDE will be performed using pulse drift tubes on high-voltage
(HV) plateforms at 100 kV and 30 kV, respectively. The access to the HV
plateforms will be restricted by locked faraday cages. Access and operation
procedures will follow the safety rules as applied, for example, to the HV
plateform of the GBAR pulse drift tube [223].

• antimatter: No regulation exists so far for the transport of antimatter. Dis-
cussions with the radio-protection (RP) group of CERN were started, and
extreme cases where all 109 antiprotons are lost at the same time are being
investigated. First RP calculations were performed. Safe distance from the
annihilation site and RP protocols are being investigated. At an unshielded
distance of one meter from the annihilation of 109 antiprotons, the dose would
be below 100 µSv [224]. A simulated fluence spectrum of particles following
antiproton annihilation with iron at one meter distance is shown in Fig. 9.5.
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Figure 9.5: FLUKA simulation of fluence spectra of neutrons, protons, π+, π− and
photons at one-meter distance from the annihilation point from the collision of an
antiproton low-energy beam with an iron sphere.



Chapter 10

Operation at ISOLDE

In the following a brief description of ISOLDE is given and the production rates
of the radioactive isotopes proposed as first physics cases for PUMA are given.
The beam energy, time structure, purity and emittance requirements for PUMA are
demanding. They are summarized in Tab. 10.1. These requirements can be achieved
with a system similar to the ongoing MIRACLS [225, 226] project downstream the
ISCOOL buncher [227]. The two apparatus are introduced, and their current status
of development given. It has not been decided yet at what place PUMA will be
positioned at ISOLDE. Instead, we present a currently-under-discussion location and
a schematic layout which would fulfill the requirements of the PUMA experiment.

Isotopic purity > 95 %
Beam diameter < 5 mm
Transverse emittance at 30-60 keV < 50 π mm mrad
Energy 1 - 2 keV
Energy spread ±30 eV
Bunch length < 15 cm
Longitudinal emittance (18Ne@2 keV) < 30 us · eV

Table 10.1: Requirements for the radioactive ions beams at the entrance of PUMA.

10.1 Radioactive beams at ISOLDE

The on-line isotope separation (ISOL) technique is a powerful method to produce
pure low energy radioactive ion beams. In this method, high-energy light parti-
cles from accelerators or nuclear reactors impinge onto a thick heavy-ion production
target. Many different isotopes are then created from several reaction mechanisms
such as fission, fragmentation or spallation. The reaction products are stopped in
the bulk of the target material. They then diffuse and effuse out of the heated tar-
get to an ion source section where they are ionized. Each element, with its specific
chemical properties, requires an optimisation of the production target ensemble and
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of the ionisation process.

ISOLDE at CERN has been a worldwide leading facility in the production of
radioactive ion beams using the ISOL technique [228,229]. At ISOLDE, the radioac-
tive isotopes are produced from the interaction of a 1.4-GeV proton beam delivered
by the PS Booster at a maximum intensity of 3.2 × 1013 protons per pulse. The
repetition rate is typically on the order of one Hz. Today, at ISOLDE, about 600
isotopes of more than 60 elements are available. Radiochemical methods and ioni-
sation techniques have been developed for the majority of them. These radioactive
ion beams with half-lives down to a few milliseconds can be delivered in intensities
ranging from 1011 to 0.1 per second. In addition to the advantage of being close to
ELENA, the unique range of low energy radioactive isotopes and highly competitive
beam intensities make ISOLDE a perfectly suited facility where the PUMA physics
program can be carried out.

ISOLDE has two on-line isotope separators with independent target-ion source
systems that deliver 60-keV mass separated radioactive ion beams with a typical
emittance of 25 to 35 πmm mrad [230]. The high-resolution separator (HRS) is
theoretically able to separate the isotopes of interest from unwanted ions with a
mass resolving power of up to 1.5 × 104 [231]. Since PUMA requires isotopically-
pure beams at a level of a percent, this separation is not enough for medium-mass
nuclei. This aspect is further discussed in the following. The beam intensities for
the isotopes of interest to be studied with PUMA at ISOLDE are presented in Tab.
10.2.

Nuclei Yield (ions/µC) Target
6,8He 5.4× 107 / 4.7× 105 BeO - UCx

7,9,11Li 8.2× 109 / 3.9× 106 / 1.4× 103 UCx

8B 300 C
17,18Ne 4.5× 103 / 3.5× 106 MgO
... ... ...
26,27Ne 4.9× 104 / 200 UCx

28,...,33,34Mg 3.6× 107 / ... / 3× 103 / 140 SiCx / UCx

19−22O 1.3× 105 / 3.4× 104 / 7× 103 / 1.3× 103 UCx

105Sn 8× 104 LaC
... ... ...
136,137,138Sn 4× 103 / 100 / 2.5 UCx

Table 10.2: Radioactive ion beam yields and primary target material at ISOLDE
facility [232] for isotopes targeted by PUMA.

With the above yields, the measurements are feasible. Note that few isotopes of
particular interest are not reachable at ISOLDE: the hypothetical p-wave halos 31Ne
and 37Mg are currently not sufficiently produced since their expected rates are less
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than 1 s−1. PUMA will benefit from any future improvement of rates at ISOLDE.

10.2 The ISCOOL buncher

In order to comply with PUMA requirements, the ISOLDE beam parameters need
to be further optimized after the magnetic separation. In particular, they need to
be bunched and purified, accordingly to the requirements of PUMA (see Tab. 10.1).
The bunching will be performed by the existing ISCOOL cooler and buncher [227].
ISCOOL is a general purpose RFQ ion trap, located in the HRS beamline and con-
structed to improve the emittance of the incoming radioactive ion beams and to
deliver them as bunches to the experiments. It is presented in Fig. 10.1.

The system consists of a linear Paul Trap filled with a buffer gas in which the
ions thermalize through collisions with the buffer gas while the oscillating quadrupole
field of the trap rods provides radial confinement [233]. The buffer gas is chosen as
a noble gas to minimise charge transfer to the radioactive ions. For an efficient
cooling, the mass of the buffer gas atoms should be smaller than the mass of the
nuclei to cool. Light ions have to be cooled with helium or even hydrogen as a
buffer gas. Currently, the ISCOOL is not able to use hydrogen as a buffer gas since
specific safety considerations have to be taken into account which are envisaged in
the future. In the case of PUMA, these light mass gasses causes a particular diffi-
culty since it is difficult to remove them with vacuum pumps. The vacuum system
will therefore be dimensioned and thought for Helium, together with other gases,
see chapter 4. The gas volume of ISCOOL is isolated from the beam-line by two
differential pumping sections which guarantee a vacuum better than 10−6 mbar both
upstream and downstream. These vacuum conditions set the constrain for the ded-
icated differential pumping system for PUMA which aims at reduction better than
105, from 10−6 to better than 10−11 mbar at the entrance of the PUMA cryostat.

ISCOOL provides the possibility to deliver bunches of a few microseconds length,
reduced energy spread (∼1 eV for slow extraction) and reduced transverse beam
emittance (less than 3π mm mrad at 60 keV), which allows the experiments to have
a better injection of the beam into the experimental setups [235, 236] and to gate
on the time structure of the beam to reduce unwanted background. In the case
of PUMA, these parameters are well within the requirements except that a faster
extraction is needed for light ions to provide shorter bunches (at 2 keV, a 10-cm
ion bunch has a time length of 500 ns for 8He, 2 µs for 132Sn) suited for an efficient
trapping. Such developments are considered at ISOLDE for the near future and first
tests have been performed but have not been finalized yet. The different ejection
methods are schematically shown in Fig. 10.2.



134 CHAPTER 10. OPERATION AT ISOLDE

Figure 10.1: Sketch of the ISCOOL buncher. A differential pumping maintain a
vacuum better than 10−6 mbar upstream and downstream the buncher despite the
gas flow in the RFQ. Figure from [234].
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Figure 10.2: Ion extraction procedures from an RFQ: slow extraction (left) and fast
extraction, also called push-pull extraction (right). Figure adopted from [234].

10.3 The MIRACLS project

Amulti-reflection time-of-flight mass separator (MR-ToFMS) for ions at high energy
(up to 30 keV) is under development at ISOLDE by the MIRACLS and the ISOLDE
collaboration. An MR-ToF device is a component of typically one meter length
which consist of a field free drift section surrounded by two electrostatic mirrors.
Charged ions can be injected into and ejected from the MR-ToF MS by fast switching
the so called in-trap lift [237] or parts of the mirror electrodes [238]. Once trapped
between the mirrors of the MR-ToF MS, the ions are separated in time as a function
of their mass.
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The Multi Ion Reflection Apparatus for Collinear Laser Spectroscopy (MIRA-
CLS) experiment is a new setup aiming at enhancing the sensitivity of collinear laser
spectroscopy (CLS) for short-lived radioactive nuclei by a factor 20-600 in order to
probe rare isotopes out of reach with current techniques [239]. This is achieved
by storing ion bunches of radionuclides in an MR-ToF device. While the ions are
bouncing back and forth between the electrostatic mirrors, the ion bunch interacts
with the spectroscopy laser during each revolution in MIRACLS, compared to only
once in conventional CLS. This increased laser-ion interaction time results in an
improved sensitivity. In order to maintain the high resolution of CLS, MIRACLS
MR-ToF device will operate at an ion beam energy of 30 keV, compared to a few keV
in state-of-the-art instruments. In order to meet the requirements of CLS (low en-
ergy spread) and MR-ToF operation (narrow bunch width), MIRACLS will prepare
the ion bunch in a cryogenic Paul trap to obtain an optimal ion-bunch emittance.
The combination of improved emittance and increased ion beam energy in the MR-
ToF device at MIRACLS are also very beneficial for fast and highly selective mass
separation in an MR-ToF device. It is planned to develope the respective techniques
within MIRACLS for a future general purpose 30 keV MR-ToF device at ISOLDE.
An illustration of the MIRACLS setup is shown in Fig. 10.3.
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Figure 10.3: Sketch of an MR-ToF device similar to the one in development for the
MIRACLS experiment.

The mass separation capability of an MR-TOF MS, its emittance requirements
and its bunched working condition fit very well with the demands of PUMA. In the
concept of PUMA at ISOLDE, it is expected that a MR-ToF system similar to MIR-
ACLS will be located few meters upstream of PUMA. It will be possible to supply
the beam with high purity and low energy that is needed. In addition, the MR-ToF
MS will also allow to tackle the more challenging isotopes in terms of required mass
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resolving power and initial beam emittance from the target ion source arrangement.
It will also be possible to lower the beam energy to few keV by using the in-trap lift
technique [237] together with the mirror ejection technique [238].

The development of the experiment is divided in two phases: The first one (on-
going) is building a proof-of-principle setup with an existing MR-ToF MS operating
at energies of a few keV where several tests are taking place. The second phase will
consist of developing a 30-keV MR-ToF and a cryogenic Paul Trap to adjust the
traversal and longitudinal emittance of the beam entering the MR-ToF MS, leading
to an improved turnaround-time of the ions and a lower energy spread. Designs and
simulations are ongoing. It is expected that the MIRACLS equipment will be com-
missioned for laser spectroscopy with radioactive beams in 2021. The first purified
beams are expected to be provided from late 2021 or 2022, in line with the PUMA
schedule.

So far the MIRACLS project is on schedule and the technical details for the
realization of this new high voltage device are feasible. The risks of failure or signif-
icant delay of MIRACLS are estimated to be low. A close collaboration is expected
between the PUMA and the MIRACLS teams.
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Figure 10.4: Schematic layout for the PUMA beam line at ISOLDE. Focusing ele-
ments and pumping elements are not shown.

The kinetic energy of the ions after MIRACLS is expected to reach 30 keV, which
is too high for PUMA to trap them. For this reason, we are currently considering
a dedicated pulse drift tube, following a similar design of the one developed for
ELENA, which will allow us to slow the beam down to the desired energy of 1-2
keV, if the ejection using the in-trap lift of the MR-ToF MS at lower energies will
not be possible. A sketch of a possible beam line layout at ISOLDE for PUMA is
shown in Fig. 10.4.

10.4 Possible location and schematics

So far, there is no defined site to host PUMA at ISOLDE. Several options have
been discussed. Taking into account the crane operation, the size of PUMA and the
combination with a MR-ToF MS to provide pure, low-emittance bunched beams to
PUMA, one location is considered adequate. The new beam outlet is considered to
be placed as an extension of the RXC10 section in the part of the hall where also the
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MINIBALL setup is placed. This will give enough space to place the PUMA setup
and additionally reduce the effort to bring the PUMA setup into place as soon as it
will arrive from the AD. The beam line extension will require additional beam optics
which can be standard ISOLDE quadrupole triplets paired with pumping barriers
and injection optics just before the PUMA setup.A layout of ISOLDE is shown in
Fig. 10.5.

PUMA

main door

Figure 10.5: Layout of the ISOLDE experimental zone. The left part is dedicated
to low-energy experiments while the more recent experimental zone (on the right)
is dedicated to high energy experiments after re-acceleration by the HIE-ISOLDE
linear accelerator. A possible layout of the PUMA beam line is schematically rep-
resented.

10.5 Operation mode at ISOLDE

The experimental program with PUMA at ISOLDE will be submitted in the form of
a physics proposals for evaluation to the INTC, as it is the case for all experiments
at ISOLDE.

Low-energy nuclear physics experiments are typically one-week long. The fore-
seen measurements with PUMA are estimated to last from half a day to a week,
depending on the lifetime of the nucleus of interest and the corresponding yield
available at ISOLDE.

Due to the very peculiar specificity of PUMA, i.e. a limited lifetime of the an-
tiproton plasma, the experiments at ISOLDE should be scheduled in campaigns of
few measurements in a row. The beam time should also be scheduled just after the
antiproton trapping phase at ELENA.
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10.6 Foreseen developments
The first installation at ISOLDE is foreseen in 2022 (see Chapter 12 for a detailed
schedule). Beforehand, several tasks are foreseen:

• determine within the ISOLDE collaboration a location to host PUMA in the
ISOLDE hall

• design an ion optics beam line according to the requirements for PUMA and
to the specifications of ISCOOL and MIRACLS. The design and optics sim-
ulations will be developed in close collaboration with the ISOLDE technical
coordinator and the MIRACLS team.

• finalize the development of MIRACLS

• build and test a beam line downstream MIRACLS or the future general pur-
pose ISOLDE MR-ToF device matching the requirements of PUMA

• trap radioactive ions delivered by MIRACLS or ISOLDE MR-ToF device in
PUMA in the ISOLDE hall

• design, build and test a differential pumping system with off-axis conductance-
reduction pipes to prevent beaming
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Infrastructure at TU Darmstadt

11.1 Laboratory

A new laboratory at TU Darmstadt is planned. It will be located in the building
S2|10 of the University, 100 meters away from the Institut für Kernphysik (IKP) of
TU Darmstadt. The new laboratory will be composed of a clean room for detector
developments (room 08, 32 m2), a room for detector tests (room 017, 20 m2), a lab-
oratory for electronics and chemical treatments (room 016, 11 m2), a multi-purpose
zone (room 014, 60 m2) equipped with a 1-ton crane and an area used as a work-
shop and storage (40 m2). The crane will be used for maintenance and installation
of devices inside the frame of PUMA. It is foreseen that PUMA will be slide on
wheels to the outside of the building to then be loaded on a truck with a movable
crane when transportation is scheduled. In addition to the laboratory space, office
space equipped with 15 desks will be made available. The design of the laboratory is
currently being finalized by the architects. Drawings of the ground floor are shown
in Fig. 11.1 and Fig. 11.2.

All foreseen equipment of the new laboratory will be used for PUMA. In partic-
ular, the floor of room 014 has been reinforced and has been designed to withstand
the 7 tons of PUMA. Despite the low ceiling (4.0 m), the room and equipment have
been made to allow all operations relevant to PUMA: floor at the street level for
delivery, crane system for maintenance. It is foreseen that the frame and solenoid
of PUMA will be moved outdoors and indoors on multiple roller skids. Electrical
power and cooling water have been scaled to the needs of PUMA. In room 014,
PUMA will be installed for tests and developments during periods without beam at
ELENA and ISOLDE. During the tests at the University, PUMA will be connected
to a beamline composed of an ion source and a bunching device to trap and store
ions as a benchmark.

The laboratory is currently under design. The safety rules for all rooms have
been defined and the related documentation validated by the safety officer. The
drawings and last details should be finalized in 2019. Construction should start in
2020 and the building is expected to be ready beginning of 2021. In the meanwhile,
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TU Darmstadt will provide a temporary laboratory.

Obertelli
Figure 11.1: Drawing of the ground floor of the future laboratory in building S2|10
at TU Darmstadt. Most equipment of the laboratory will benefit to the development
of PUMA.

11.2 Temporary laboratory
The temporary laboratory will be available from May 2020 at the expected delivery
time of the PUMA solenoid from the supplier, Bilfinger Noell, until the new labo-
ratory is ready. It is located in building S1|09 of the university, only five-minutes
walking distance from the IKP. It is a 35 × 10-m2 large hall with a 6-meter high
ceiling and equipped with a three-ton crane. 70 kW of electrical power will be made
available. A chiller with 50 kW cooling power will be installed outside the building
to cover the needs of PUMA.

11.3 Transport
Contrary to CERN, no crane able to lift PUMA will be available on site. The PUMA
frame will be delivered with a trailer equipped with a 10-ton crane.
PUMA will be moved inside the laboratories (temporary and final) on wheels with
a dedicated transport trolley as often for heavy devices.

Different possibilities are considered for example the electric-powered trolley as
offered by different companies [240, 241]. One such device is shown in Fig. 11.3.



11.3. TRANSPORT 141

Obertelli 28.8.2019

Figure 11.2: Artistic view of the main experimental hall of the S2|10 laboratory at
TU Darmstadt. A 1-ton low-headroom crane will allow the management of most
heavy individual components of PUMA. The (full) PUMA frame will be moved
with a dedicated transport trolley. The basement of the laboratory will be used as
workshop and storage.

 GKS ROBOTR0 20 system

Figure 11.3: Electric-powered trolley used to handle heavy equipment in tight spaces.
Figure adopted from [240].

With such a system the on-sight transport at TU Darmstadt and at CERN will be
safely and reliably possible. The installation of the transport trolley requires to lift
the PUMA frame by additional five centimeters compared to the on-feet position.
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The lift will be performed with six 10-ton hydraulic jacks synchronized by a syn-
chronous pressure unit.

The extraction of PUMA from the laboratory will be performed following the
time-reversed procedure.

Figure 11.4: (Left) Facade of the temporary PUMA laboratory at TU Darmstadt.
(Right) Inside of the laboratory. The laboratory will be equipped for 90 kW electric
power grid and is equipped with a 3-ton crane.
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Organization, cost estimate and time
line

12.1 Collaboration

At the date of the submission of the proposal (September 30th, 2019), the PUMA
collaboration is composed of 38 permanent researchers (professor, staff or engineer),
6 postdocs, 4 PhD students (two of them will start from 11/2019) from 12 univer-
sities or laboratories. The collaboration includes 40 members on the experimental
side and 8 theorists. Currently, the collaboration members are :

T. Aumann10, W. Bartmann2, A. Bouvard2, O. Boine-Frankenheim10, A. Broche2, F.
Butin2, D. Calvet1, J. Carbonell4, P. Chiggiatto2, H. De Gersem10, R. De Oliveira2,
T. Dobers2, F. Ehm2, J. Ferreira Somoza2, J. Fischer10, M. Fraser2, E. Friedrich10,
J.-L. Grenard2, G. Hupin4, K. Johnston2, Y. Kubota10, M. Gomez-Ramos10, P.
Indelicato6, R. Lazauskas3, S. Malbrunot-Ettenauer2, N. Marsic10, W. Müller10,
S. Naimi9, N. Nakatsuka10, R. Necca2, G. Neyens2, A. Obertelli10, Y. Ono11, S.
Pasinelli2, N. Paul6, E. C. Pollacco1, D. Rossi10, H. Scheit10, R. Seki8, A. Schmidt10,
L. Schweikhard12, S. Sels2, E. Siesling2, T. Uesaka9, M. Wada5, F. Wienholtz10, S.
Wycech7, S. Zacarias10

1 CEA, IRFU, France
2 CERN, Switzerland
3 Institut Hubert Curien, CNRS, France
4 Institut de Physique Nucléaire, Orsay, CNRS, France
5 KEK, Japan
6 Laboratoire Kastler Brossel, CNRS, France
7 National Centre for Nuclear Research, Poland
8 RCNP, Osaka, Japan
9 RIKEN Nishina Center, Japan
10 Technische Universität Darmstadt, Germany
11 The Open University of Japan, Japan
12 University of Greifswald, Germany
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The collaboration covers all domains of expertise necessary for the successful
realisation of PUMA. PUMA will benefit from the experience in Extreme High Vac-
uum (XHV) and cryogenic systems from CERN. The TE-VSC (Vacuum, Surfaces
and Coatings) group at CERN has long experience in vacuum simulation, design
and commissioning of XHV systems [109, 242]. For the development of LHC beam
screens, the TE-VSC group has a wide experience measuring isotherms and design-
ing cryopumped systems [110, 124, 243]. The PUMA vacuum system will rely on a
vacuum better than 10−11 mbar at the entrance of the trap. This pressure is achieved
in several CERN facilities like LEAR and ELENA [242, 244]. The PUMA collab-
oration will count on the direct involvement of Paolo Chiggiato, TE-VSC group
leader at CERN, with ample experience in materials and treatments for ultra-high
vacuum, in particular non-evaporable getters and Jose A. Ferreira, vacuum engineer
at CERN, responsible of the vacuum operation in PS complex with experience in
the design, installation and commissioning of vacuum systems and the use of differ-
ent computational tools for vacuum design and simulation (MATLAB, MOLFLOW,
COMSOL, LTSpice).
The optimization of the solenoid with active and passive shield has been studied
by TEMF at TU Darmstadt (N. Marsic, W. Müller, and H. De Gersem) in close
collaboration with the solenoid manufacturer (Bilfinger Noell). A simulation for
the non-neutral antiproton plasma is been developed at TU Darmstadt (O. Boine-
Frankenheim and A. Schmidt).
The PUMA collaboration has gathered a broad expertise in the design, installation
and use of Penning trap systems (F. Wienholtz, L. Schweikhard, S. Malbrunot-
Ettenauer). The low energy ion source and MR-ToF system, which will be used at
ELENA, will be developed in close collaboration with the group of L. Schweikhard
in Greifswald.
The PUMA time projection chamber has been designed at CEA Saclay (E.C. Pol-
lacco) in conjunction with the MPGD laboratory at CERN (Section EP-DT-EF),
where it will be built (R. De Oliveira). E.C. Pollacco and A. Obertelli have past
experience in the development and operation of TPCs [194]. The electronics of
PUMA is based on a recent development performed at CEA (D. Calvet) for the
T2K experiment. The scintillator barrels for trigger and plasma diagnostics will be
developed at TU Darmstadt (T. Aumann, D. Rossi and H. Scheit). The overall me-
chanics, simulations and cosmic-ray test bench will be taken care at TU Darmstadt
(S. Zacarias, F. Wienholtz).
The design of the trap system is based on the integration of the PUMA project in
the AD hall and on a new ELENA beam transfer line will be assured by the EN/EA
group (F. Butin, O. Choisnet, D. Brethoux), already in charge of the general AD
and ELENA technical coordination. The integration in the AD beams operation
scheme will benefit from the BE/OP expertise (S. Pasinelli, L. Ponce, T. Erikson).
The transports aspects will be taken care of by the EN/HE group (J.-L. Grenard)
which has a vast expertise in all sorts of handling and transports of delicate physics
apparatus.
The technical coordinator of ISOLDE (E. Siesling) is member of the collaboration,
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as well as the spokesperson of MIRACLS (S. Malbrunot-Ettenauer). Nuclear physi-
cists of the collaboration, in particular members of the ISOLDE collaboration with
experience in carrying experiments at ISOLDE (S. Malbrunot-Ettenauer, K. John-
ston, G. Neyens, S. Sels, F. Wienholtz), will ensure a smooth operation at ISOLDE.
The analysis method is being developed at TU Darmstadt (Y. Kubota, A. Obertelli)
and will be followed by full simulations of the physics cases to be measured (S.
Zacarias). The machine learning and statistical aspects of the method under de-
velopment are supported by Y. Ono. Methods and predictions will be developed
together with S. Wycech, one of the leader theorists who interpreted stable-nuclei
studies with antiprotons performed at LEAR. New developments on antiproton cap-
ture cross sections are foreseen (M. Gomez) and the decay of the antiprotons atoms
will benefit from the expertise of R. Seki and P. Indelicato. Ab initio few-body
predictions for nucleus-antiproton annihilations are being developed at IPN Orsay
(J. Carbonell, G. Hupin) and IPHC (R. Lazauskas). Once bridged with microscopic
predictions, effective methods as performed in the past with LEAR data (S. Wycech)
will be used. Later on, specific collaborations with nuclear structure theorists out-
side the collaboration are foreseen, in particular at TU Darmstadt (H.-W. Hammer,
R. Roth, A. Schwenk). New nuclear-physics ideas for PUMA (Y. Kubota, S. Naimi,
N. Nakatsuka, A. Obertelli, N. Paul, T. Uesaka) will be investigated in parallel.

12.2 Work packages and work organisation

The PUMA project is divided into 8 work packages (WP), focusing on the physics
program and analysis methods (WP 1), the vacuum (WP 2), the trap and solenoid
(WP 3), its operation including diagnostics (WP 4) and the detection of annihi-
lation products (WP 5). The infrastructure (WP 6) and beam optics (WP 7) for
the operation of PUMA at CERN constitute two additional operational packages.
The organisation (WP 8) is composed of a spokesperson and resource manager (A.
Obertelli, TUDa), a technical coordinator and planning officer (F. Butin, CERN), a
safety officer (E. Friedrich, TUDa), a quality officer (S. Zacarias, TUDa) and contact
persons at ELENA (F. Butin, CERN) and ISOLDE (S. Ettenauer, CERN).

The description of the different work packages, WP and task leaders are given
in Tab. 12.2. The WP leaders define the organization of their WP, in agreement
with the spokesperson and technical coordinator. The work organization and com-
munication among the collaboration members is structured into specific events: (1)
collaboration meetings (in person, twice a year), (2) WP-leader meetings (monthly),
(3) spokesperson and project manager (weekly), (4) WP meetings (at the discretion
of the WP leader, typically weekly).

The quality control of PUMA is extremely important for a proper following of
the technical evolution of the project and for the decision taking. Minutes will be
issued after all meetings and will be transferred to participants for review. Minutes
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and shown slides will be archived and made accessible to all collaboration members
in the CERN Indico. The share of documents and archiving will be performed via
the Engineering Data Management System (EDMS) server of CERN. We foresee to
finalize the Technical Design Report of PUMA in 2020. For a proper operation of
PUMA, detailed notes and manuals will be issued for every task and system.

Table 12.1: Workpackage and task break-out of PUMA.

WP Task Description Leader Institute
1 Physics Y. Kubota TUDa

1.1 Simulations S. Zacarias TUDa
1.2 Data analysis, tools, method Y. Kubota TUDa
1.3 Theory (tbc)

2 Vacuum A. Obertelli TUDa
2.1 Simulations, vacuum design J. A. Ferreira Somoza CERN
2.2 Materials, surface treatment P. Chiggiatto CERN
2.3 Prototyping, procurement, tests J. A. Ferreira Somoza CERN
2.4 Control, monitoring (tbc) CERN
2.5 Isotherm measurements (tbc) CERN

3 Trap N. Nakatsuka TUDa
3.1 Design & assembly F. Wienholtz TUDa
3.2 HV, control (hardware) Y. Kubota TUDa
3.3 Mechanics, support F. Wienholtz TUDa
3.4 Thermal calculations F. Wienholtz TUDa
3.5 Solenoid operation N. Nakatsuka TUDa
3.6 Frame assembly procedure N. Nakatsuka TUDa
3.7 Field mapping, trap alignment E. Friedrich TUDa
3.8 Magnetic field calculations N. Marsic TUDa

4 Plasma F. Wienholtz TUDa
4.1 Trap operation A. Schmidt TUDa
4.2 Diagnostics J. Fischer TUDa
4.4 Electron gun J. Fischer TUDa
4.5 Ion source operation, buncher F. Wienholtz TUDa
4.6 Simulations A. Schmidt TUDa

5 Annihilation detection E. C. Pollacco CEA
5.1 Design E. C. Pollacco CEA
5.2 TPC realisation R. De Oliveira CERN
5.3 Simulations S. Zacarias TUDa
5.4 Mechanics F. Wienholtz TUDa
5.5 Cosmic ray and source validation S. Zacarias TUDa
5.6 Electronics D. Calvet CEA
5.7 Scintillator barrels D. Rossi TUDa
5.8 DAQ Y. Kubota TUDa

6 Infrastructure F. Butin CERN
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Table 12.1: Part 2.

WP Task Description Leader Institute
6.1 Transport and handling J.-L. Grenard CERN
6.2 ELENA A. Bouvard CERN
6.3 ISOLDE E. Siesling CERN
6.4 TU Darmstadt F. Wienholtz TUDa
6.5 Beam lines W. Bartmann CERN
6.6 Alignement T. Dobers CERN
6.7 Power R. Necca CERN
6.8 Cooling water A. Broche CERN
6.9 Controls (tbc) CERN
6.10 Timing F. Ehm CERN

7 Beam optics F. Wienholtz TUDa
7.1 Simulations E. Siesling CERN
7.2 Beam tuning @ ELENA (tbc)
7.3 Pulsed drift tube @ ELENA F. Wienholtz TUDa
7.4 Beam tuning @ ISOLDE F. Wienholtz TUDa
7.5 Beam diagnostics J. Fischer TUDa

8 Organisation
Spokesperson / resource manager A. Obertelli TUDa
Project manager / planning officer F. Butin CERN
Safety officer E. Friedrich TUDa
Quality control, documentation S. Zacarias TUDa
ISOLDE contact person S. Malbrunot-Ettenauer CERN
ELENA contact person F. Butin CERN

12.3 Cost estimate

The PUMA project has been funded by the European Research Council (ERC Con-
solidator grant) on a 5-year grant from 01/2018 to 12/2022. The ERC covers the
construction of the PUMA device as well as 8 years of postdoc (N. Nakatuska, 5
years, and Y. Kubota, 3 years). TU Darmstadt covers the depreciation costs of the
investment of PUMA not covered by the ERC. In addition to this core support,
the new laboratory created at TU Darmstadt is being equipped (test solenoid, elec-
tronics and core laboratory devices) with funds from a Alexander von Humboldt
professorship grant, started on 10/2018. The Alexander von Humboldt grant will
in addition support four PhD students on PUMA as well as investments at ELENA
(beam line and vacuum elements after the handover point and pulsed drift tube).
An additional application to the BMBF (Germany ministry of research) for man-
power (a PhD and a postdoc) to work on beam optics at ELENA and ISOLDE and
on the differential pumping section for ISOLDE have been submitted.
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With this proposal, the necessary infrastructure at ELENA and ISOLDE is re-
quested to CERN. In the Engineering Change Request (ECR) of ELENA related
to PUMA, costs have been estimated to 693 kCH (640 ke), including 15% contin-
gency. A dedicated ECR for ISOLDE is in preparation. The following is requested
to CERN:

• experimental zone suitable for PUMA at ELENA,

• transfer beamline from the ELENA ring to handover point,

• working and storage space at ELENA,

• experimental location suitable for PUMA experiments at ISOLDE,

• low-energy beamline at ISOLDE providing bunched and isotopically pure 3-
keV beams,

• necessary cooling water and 70 kW power supply (including during crane op-
eration) for the operation of PUMA at both ELENA and ISOLDE,

• usual CERN technical support in the experimental zones.

Costs estimates, status of funding and sources of funding are summarized in
Table 12.2.

Table 12.2: Investment, infrastructure cost estimates and funding sources for PUMA.

Expense Description Cost Funding Period Status
(ke)

In
ve

st
m

en
t

PUMA apparatus 1100 ERC 2018-22 secured

730 TUDa

lab. equipment 500 AvH 2018-23 secured

Isolde beam optics
and vacuum 100 BMBF 2020-21 under request

In
fr

as
tr

uc
tu

re laboratory at TUDa u. e.† TUDa 2019-21 secured

ELENA 640 CERN 2020-21 under request*

ISOLDE u. e.†† CERN 2021-22 under request**

† Under evaluation. The current estimate is in the range 1500 - 2000 ke.
†† Under evaluation. ECR under preparation to be ready in 01/2020.
* This proposal and detailed estimates in dedicated ECR.
** This proposal and detailed estimates in future ECR.
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12.4 Schedule
The agenda and milestones for each work package is given in Tab. 12.3 and sum-
marized in a Master plan in Fig. 12.4 and 12.4. The timeline is believed to be
realistic but does not contain much contingency. No risk management plan has been
performed yet. We foresee two main possible sources of delay: (i) the considered
isotherm extrapolation is revealed to be optimistic after low-pressure isotherm mea-
surements implying that the necessary vacuum cannot be reached, (ii) the learning
curve for storing and cooling antiprotons is slower than anticipated. Despite these
risks, our objective is a first successful measurement at ISOLDE with radioactive
isotopes at the end of 2022.
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Table 12.3: Main tasks and milestones of PUMA for the period 2020-2023. A tentative date is given for the milestone. When
the deliverable is a report or a publication, it is expected to be fulfilled within 12 months after the milestone is reached.

WP Task Milestone Deliverable Date
1 Analysis model Rnp sensitivity shown better than 10% publication 06/2020

ab initio framework for p̄-nucleus inter-
actions

Bridge with optical-potential-based
methods established

publication 01/2022

Physics case at ELENA Experiment with antiprotons and sta-
ble nuclei at ELENA

publication 07/2022

Physics case at ISOLDE Experimental conditions to reach
PUMA objectives established

proposals 01/2022

Skins and halos at ISOLDE Experiment with antiprotons at
ISOLDE

publication 12/2022

2 Full vacuum simulations for PUMA simulations show 10−17 mbar main-
tained for > 30 days at ISOLDE

internal report 06/2020

Measurement of H2 isotherms Better extrapolation of isotherm at 4.2
K on gold and carbon

publication 06/2021

Design and construction of cryostat delivery 11/2020
Long term XHV p̄ annihilation rate consistent with life-

time of > 30 days at ELENA
internal report 04/2022

Quantify lifetime of p̄ plasma at
ISOLDE

internal report 10/2022

3 Construction of solenoid 4T with required homogeneity achieved delivery 07/2020
Completion of PUMA All functions integrated in the PUMA

frame
operation 02/2021

Develop prototype storage trap Store 109 electrons for a week internal report 09/2020
Thermal calculations for cryostat All trap at T < 4.2 K tech. drawings 08/2020
Development of PUMA trap Full trap assembled and mounted inside

the chamber
documentation 06/2021
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Table 12.3: Part 2.

WP Task Milestone Deliverable Date
4 Establish cooling scheme for PUMA Phase 1 (prototype): store 108 protons

for a week
internal report 09/2021

Phase 2: store 109 p̄ for 4 weeks publication 04/2022
5 Completion of pion detection Validation on cosmic rays internal report 10/2020

Long-term operation for TPC Quantify performance evolution over 2
months of operation

publication 01/2021

X-ray measurements in PUMA Quantify the feasibility of X ray mea-
surements with PUMA

publication 06/2023

6 Transport (phase 1) Transport solenoid under operation internal report 01/2021
Transport of charged particles (phase
2)

Transport protons from ELENA to
ISOLDE

internal report 06/2021

Transport of antiprotons (phase 3) Deliver antiprotons to ISOLDE publication 11/2022
Power supply Power PUMA for 5 minutes in case of

power failure
test result 12/2020

7 Beam at ELENA Trap antiprotons and insert bunched
stable ions inside PUMA

publication 04/2022

Beam at ISOLDE Trap RI ions in PUMA with efficiency
> 50%

internal report 05/2022
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PUMA Master Plan for the 4-year period 2020-2023
2020 2021 2022 2023

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

Solenoid
frame construction

superconducting wire
wiring

assembly
operation test

delivery

operation at TUDa
transport in operation

Vacuum
15% completevacuum simulations

isotherm measurements
vacuum design

thermal calculations
cryostat construction

cryostat delivery

assembly and cooling
vacuum tests

Prototype trap
electron trapping

ion trapping

ion cooling
diagnostics and cooling development

concept validation

Trap
20% completeion trap design

electrodes construction
assembly

full installation
system operational at 4 K

Transport
transport of ions (TUDa)

transport and power-scheme test at CERN
transport of p̄

Detection
TPC construction

gas system development
plastic barrel development

electronics delivery

cosmic-ray validation
installation in PUMA

tracking software optimization
cosmic-ray validation in PUMA
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PUMA Master Plan for the 4-year period 2020-2023
2020 2021 2022 2023

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

Infrastructure at CERN
installation at ELENA

electron and ion trapping
PDT development

differential vacuum development
beamline assembly at ELENA
PUMA operational at ELENA

beam optics simulations for ISOLDE
clearance of ISOLDE zone

beamline assembly at ISOLDE
optics optimization at ISOLDE

trapped ions at ISOLDE

Physics and analysis
50% completeanalysis tool development

storage of p̄ at ELENA
> 108 p̄ trapped with τ > 30 days

p, d,3,4He reference at ELENA
heavy-ion reference measurement at ELENA

p̄ storage
first experiments at ISOLDE

first p̄ annihilation from short-lived nucleus

p̄ storage
X-ray test measurement at ELENA

p̄ storage
second campaign at ISOLDE

data analysis
first physics publications
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