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Abstract

The CPT invariance is the most fundamental symmetry in physical interactions in the Standard
Model. Experimental tests of the CPT symmetry will contribute to exploring a beyond-standard
model theory that can explain the matter-dominant universe.

The BASE experiment at CERN measures the g-factor and charge-to-mass ratio of protons and
antiprotons, and provides the most stringent CPT test for baryons. The measurements in BASE
are implemented using a Penning trap, which confines charged particles by static electromagnetic
fields. However, the precision of the measurements is limited by the fluctuations in the magnetic
field produced by the accelerator facility to supply antiprotons.

To overcome this limitation, a transportable Penning trap system has been developed to relo-
cate the experiment to a calm environment, and demonstrated lossless transportation of a confined
proton cloud. Since the protons used for the transportation are prepared inside the trap, the tech-
nique for injection and catching of antiprotons needs to be established.

To this end, beam position monitors to estimate the beam position were developed. The beam
monitors with a grid made of copper wires were newly designed and installed in the beamline.
The electronic circuits, which amplify a small charge signal from the detector to a large and long
voltage pulse readable by a microcomputer, were also designed. The beam monitors were tested
with antiproton and H− ion beams, and the successful readout of the beam signal and the beam
position estimation were demonstrated. The parameters of the electronics still need to be adjusted
to avoid saturation and to obtain a linear response to the input signal.

The antiproton beam has the energy of 100 keV. They need to be decelerated to the energy
of a few keV to capture them by an electric potential. The simulations of the deceleration of
antiprotons using a thin polymer foil called the degrader foil were done. In the simulation, several
options of the degrader foils with different thickness and materials were tried to observe the
energy distribution of the penetrating antiprotons. As a consequence, the simulations resulted
in the different energy distributions whose mean energies varied from 2 keV to 5 keV, and the
distributions of the antiproton current as functions of the axial energy and the transverse energy
were obtained. However, the simulation program used for this research was unable to calculate the
transportation of particles under 2 keV. Therefore, a different simulation program will be required
to obtain more precise energy distributions.

After the beamline was prepared, the team began to try the injection and capturing of antipro-
tons inside the trap. The optimal parameters for the injection were explored by storing antiprotons
for a short time, releasing them, and detecting the annihilation signal of the antiprotons by a scin-
tillator. Various parameters, including the electrodes settings to steer the beam, the timing of a
high voltage pulse to block antiprotons inside the trap and the storage time, were scanned and
optimized during the measurements.

Subsequently, cooling of antiprotons with trapped electrons to a few eV level was tested. The
cooling is achieved by the Coulomb interaction between antiprotons and electrons and synchrotron
radiation of electrons. Despite a number of attempts, we could not observe any signal of the cooled
antiprotons. More detailed observations revealed that there was significant instability in trapping
both antiprotons and electrons for more than a few 100ms.

An alternative procedure for catching, which used a higher potential well, was used to catch
the antiprotons. Consequently, 13 antiprotons were successfully captured inside the trap system,
and the storage of antiprotons for over 30 hours, including a few hours with a lower magnetic
field for the transport mode, was achieved without any particle loss. Although these antiprotons
were lost due to an operational failure, the second cloud, made of 26 antiprotons, was successfully
captured. These antiprotons were stored for more than 40 hours this time. The upper limit of the
pressure inside the trap was estimated around 10−15 mbar using the storage time of the antiproton
clouds.

Even though the mechanism of the instability in the normal capturing procedure is not under-
stood yet, the project achieved an important milestone for the transportation of antiprotons.
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1 Introduction

The CPT symmetry, which is the invariance of the physical interactions under an inversion of charge,
parity, and time, is one of the cornerstones of modern physics [1]. This symmetry holds in a relativistic
local quantum field theory, including the Standard Model, which is the most successful theory of
fundamental physics so far. It follows that particles and their conjugate antiparticles have identical
properties, including mass , charge, and magnetic moment, except for their polarity [2]. It is expected
that this symmetry leads to the equal abundance of matter and antimatter in the universe, however
cosmological observations imply that matter is more dominant than theoretical expectation [3], which
cannot be explained by the asymmetry between matter and antimatter understood in the Standard
Model [4, 5, 6].

Experimental tests of CPT symmetry give useful clues for exploring a new physics theory beyond
the Standard Model. CPT test experiments can be done by comparing the properties of a particle and
its corresponding antiparticle, and a number of such experiments have been attempted so far.

Such tests have been done for various particle/antiparticle pairs including electron/positron [?],
hydrogen/antihydrogen [7] [8], and K0/K̄0 [?] with high precision.

The BASE (Baryon Antibaryon Symmetry Experiment) [9] is one of these experiments that aims
to measure the charge to mass ratio and the magnetic moment (g-factor) of protons and antiprotons
with high precision and to compare them using Penning traps which can confine charged particles
using static electromagnetic fields. The experiment has been running since 2014 and reported the
measurement of the charge-to-mass ratio and g-factors for several times. As latest records, BASE
achieved precisions of 1.5 parts-per-billion (1.5×10−9) [10] for the measurement of the g-factor and 16
parts-per-trillion (1.6 × 10−11) [11] for the charge-to-mass ratio of antiprotons, which are the highest
precisions achieved so far in the baryon sector of the CPT tests.

The current limitation on the precision of measurements in BASE is the fluctuation of the magnetic
field around the apparatus which is produced by the accelerator facility [12]. The Penning trap system
measures the eigenfrequencies of motions of the particle inside the trap, which depend on the magnetic
field. Therefore, the fluctuation of the magnetic field leads to the fluctuation of the measured value,
limiting the improvement of the precision, and further improvements of the precision will necessitate
the accumulation of the measurement for a duration over several years.

A solution for this limitation is transporting antiprotons to a location with less magnetic field
fluctuation. BASE-STEP [12] project launched in 2021 and has developed such a transportable Penning
trap system, which has an autonomous operation mode and an open structure. The autonomous
operation mode enables the trap system to confine antiprotons during the transportation. This feature
is achieved by equipping all of necessary devices to operate the trap within the transported unit. The
open vacuum is required to hand over the transported antiprotons to the relocated experiment, unlike
the trap system of BASE.

At the beginning of my Master thesis, the STEP trap system successfully demonstrated the trans-
portation of protons across CERN lasting about 4 hours in October 2024 [13]. These protons confined
in the trap during the transport were produced by releasing gas molecules from the trap surface and
ionizing them using an electron beam.

In contrast, antiprotons are supplied from the two decelerators, Antiproton Decelerator (AD) and
ELENA, with the energy of 100 keV, and injected into the apparatus while their position are adjusted
by high voltage electrodes. The injected antiprotons are decelerated to a few keV level using a thin
polymer foil (degrader foil) and subsequently captured by a constant high voltage potential wall at the
downstream end of the trap and a rapidly ramped high voltage potential wall at the upstream end.

To catch the antiprotons, the beam position monitors are needed on the beamline to efficiently
adjust the beam. Furthermore, the thickness of the degrader foil, which determines the energy distri-
bution of penetrating antiprotons needs to be optimized to maximize the efficiency of the capturing.

In this thesis, the developments for these features needed for the injection and the catching of
antiprotons in the BASE-STEP are described.

In section 3, the development of beam monitors which monitor the position of the antiproton beam
is described.

In section 4, simulations of the deceleration of antiprotons using a thin polymer foil from 100 keV
to a few keV are described. The results described in the section 3 and 4 are the author’s individual
contributions to the BASE-STEP project.
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In section 5, attempts of the injection and the catching of antiprotons inside the trap in two
manners, without cooling the antiprotons using electrons and with it, respectively, are described. The
results of the section 5 were obtained by the BASE-STEP team including my own participation.

2 Matter-antimatter symmetry, BASE and BASE-STEP

2.1 CPT symmetry test

In 1928, P.A.M Dirac formulated a relativistic wave equation called the Dirac equation [14]

(iγµDµ −m)ψ = 0 (2.1)

where Dµ = ∂µ− ieAµ. Also the complex conjugate of 2.1, (iγµ∗D∗
µ−m)ψ = 0, satisfies the definition

of the Dirac equation, and it can be rewritten using the charge conjugation transformation Cγ0 ≡ γ2

and the charge conjugate of the wave function ψC as [15]

(iγµD∗
µ −m)ψC = 0 (2.2)

The wave function ψC represents a particle which has the same amount of charge but with the opposite
sign and the identical mass as those of the particle that ψ represents. Such a particle, called an
antiparticle, is predicted to exist in reality on account of the causality [16]. As the first observation of
an antiparticle, a positron was observed in a cloud chamber in 1932 [17].

The CPT symmetry is the invariance of physical interactions under the simultaneous reversals of
charge (C), parity (P), and time(T). From the CPT theorem, the CPT theorem holds in any local,
Lorentz invariant quantum field theory including the Standard Model (SM) in the particle physics[18].
As a consequence of the CPT symmetry, a particle and its conjugating antiparticle have the identical
physical properties, such as mass, lifetime, charge, and magnetic field, but with opposite signs for the
latter two [2].

Regarding the antimatter, the asymmetry of the abundance between matter and antimatter is one
of the largest mysteries in the modern physics. According to the Standard Model, since particles and
antiparticles have the same properties, they should have been produced as the same amounts at the
beginning of the universe. The particles and antiparticles repeated pair creation and annihilation in a
short duration when the temperature of the universe is much higher than the threshold energy for the
pair creation. After the annihilation rate fell below the expansion rate of the universe, the antiparticles
no longer encountered the particles to annihilate with, and they survived as nucleons or antinucleons
[19]. Based on the cosmological theory about the evolution of the universe, the ratio of the number of
baryons to that of photons can be solved as[19]

ηB =
NB

Nγ
=
NB̄

Nγ
≃ 10−18. (2.3)

On the other hand, some cosmological observations have yielded inconsistent results. One ob-
servation measured the abundances of the light species after the big bang nucleosynthesis, and the
baryon-to-photon ratio ηBBN was calculated backwards using time evolutions of the abundances [20].
It resulted in the value ηBBN = 6.07 ± 0.33 × 10−10 after corrections for the measurements. Another
measurement, the WMAP7 [21], measured the cosmic microwave background (CMB) spectrum and
determined ηCMB from the power spectrum of the temperature fluctuation of the CMB. It yielded the
value ηCMB = 6.160+0.153

−0.156 × 10−10 [22].

η
Expectation from SM 10−18

BBN measurement 6.07± 0.33× 10−10

CMB measurement 6.160+0.153
−0.156 × 10−10

Table 2.1: The baryon to photon ratio estimated by theory and measurement.

While these two results are consistent to each other, they are significantly different from η expected
from the SM. It implies that there is a significant difference in the abundance of matter and antimatter
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and considerable amount of matter are remained after the annihilation in the earlier universe. It is
validated by the measurement of the proton and antiproton flux of primary cosmic rays[3].

Even though the Standard Model include the violation of individual C and P symmetry [4, 5, 6],
and the violation of CP symmetry[23], these are insufficient to explain the asymmetry between matter
and antimatter. Hence, asymmetry between matter and antimatter which is not understood yet is
expected to exist.

The violation of the CPT invariance is considered as a candidate of the source of the baryon-
antibaryon asymmetry. The Standard Model Extension (SME) includes the possible CPT- and Lorentz-
violating effect by adding CPT-violating terms with several effective coupling constants to the hamil-
tonian [24, 25]. Since the CPT invariance derives the mirror properties of particles, an experimental
test for the CPT-violation can be achieved by measuring such properties of particles and correspond-
ing antiparticles and compare it. If any differences in the particle properties are found, it indicates
the existence of the CPT-violating effect. Even Planck-size CPT violation effect could reproduce a
significant over-abundance of matter to antimatter, thus the measurements of particle properties in
high precision are motivated.

Such CPT tests have been achieved using various particles.
In 1995, a CPT test using the neutral Kaon system was reported [26]. There, the ratio of the

amplitudes of neutral Kaon’s decay modes and it constrained the relative difference between the
masses of K0 and K̄0 as |mK0 −mK̄0

|/mK0 < 1.3× 10−18.
A precision measurement of the g-factor of electrons and positrons was reported in 1987 [27]. It

utilized an apparatus called Penning trap, which is capable of confining charged particles using static
electromagnetic fields and described in the next section. The ratio of g-factor of electrons and positrons
was obtained as g(e−)/g(e+) = 1 + (0.5± 2.1)× 10−12, so relative precision of 2.1× 10−12.

The measurements of the g-factor and charge-to-mass ratio of protons and antiprotons are achieved
by the BASE collaboration, which the author is involved. Also BASE experiment uses a Penning trap
system to measure the properties. In the latest reports, the charge-to-mass ratio and the g-factor were
measured with relative precisions of 1.6×10−11 and 1.5×10−9 [11, 10]. These measurements achieved
the most stringent CPT test among the baryon sector.

2.2 BASE

The Baryon Antibaryon Symmetry Experiment (BASE) is an experiment, which aims to test the
CPT symmetry by measuring and comparing the charge-to-mass ratio and the g-factor of protons and
antiprotons. To achieve measurements of the properties of protons and antiprotons with the precision
of ppb (parts per billion) to ppt (parts per trillion) level, BASE utilizes a Penning trap system that
can confine charged particles using static electromagnetic fields. The principle of the Penning trap and
the detail of the measurements in BASE are described in this section.

2.2.1 The concept of the Penning trap

The principle of the Penning trap is the confinement of electrons or other charged particles by a
combination of a static quadrupole electric field and an axial magnetic field. It was first built as a
device to store electrons by H. G. Dehmelt in 1959. Dehmelt was awarded the 1989 Nobel Prize in
physics for ’the development of the ion trap technique’ together with Wolfgang Paul, who invented a
different kind of trap called the Paul trap that confines charged particles by a dynamic electric field[28].

The 3-dimensional confinement of a positively charged particle can be achieved using a harmonic
electric potential.

U = ax2 + by2 + cz2, a, b, c > 0 (2.4)

However, such a potential cannot be realized because of the Poisson equation ∆U = 0, which leads to
a+ b+ c = 0. Therefore, the 3-dimensional confinement of a charged particle solely by an electrostatic
potential is impossible. This statement is called the Earnshaw’s theorem.

Instead, in a Penning trap, a potential of a = 2, b = c = −1, which means that a particle is confined
in the z-axis direction and feels a repulsive potential in the radial direction. A Penning trap provides
the radial direction confinement using an axial magnetic field B = B0ez. Under this magnetic field,
a particle escaping in the radial direction and thus moving perpendicularly to the magnetic field is
forced to move in a radial orbit described in more detail below.
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2.2.2 The hyperbolic Penning trap and the dynamics of a particle

Figure 2.1: The schematic overview of a hyperbolic Penning trap. Red curves represent the boundary
of the endcaps and black curves are that of the ring electrode. The red arrows are the electric field
and the blue arrow is the magnetic field.

In the original idea of the Penning trap, electrodes with hyperbolic shapes are used to produce a
quadrupolar electric field as schematically shown in fig. 2.1 [29]. The hyperbolic Penning trap consists
of a ring electrode radially surrounding the center of the trap that has the surface(

ρ

ρ0

)2

−
(
z

ρ0

)2

= 0 (2.5)

and two endcaps that are place at the top and bottom and have the shape of

1

2

(
ρ

z0

)2

− 2

(
z

z0

)2

= −1 (2.6)

where ρ0 and z0 are the lengths that characterize the trap size [30].
When voltages U0 = Ue−Ur are applied between the endcaps and the ring electrode, a quadrupole

electric potential

U =
U0

2d2
(2z2 − x2 − y2), d2 =

1

2
(z20 +

ρ20
2
) (2.7)

is formed inside the trap. d is called the characteristic trap size representing the size of the trap. An
axial magnetic field B = (0, 0, B0) is applied to confine particles radially.

When a particle with a charge q is confined in this trap, the equation of motion mr̈ = −q∇U+qṙ·B
can be written as

ẍ = ωcẏ +
ω2
z

2
x (2.8)

ÿ = −ωcẋ+
ω2
z

2
y (2.9)

z̈ = ω2
zz (2.10)

ωz = 2πνz =

√
2qU0

md2
, ωc = 2πνc =

qB0

m
(2.11)

where ωc is the cyclotron frequency of the confined particle in a magnetic field of B0, and ωz is the
frequency of the axial oscillation. These equations of motion can be solved as a superposition of three
oscillations

x(t) = ρ+ sin (ω+t+ ϕ+) + ρ− sin(ω−t+ ϕ−) (2.12)

y(t) = ρ+ cos(ω+t+ ϕ+) + ρ− cos(ω−t+ ϕ−) (2.13)

z(t) = az sin(ωzt+ ϕz) (2.14)
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where ρ±, az are the amplitudes of each oscillation, ω±,z are the frequencies of the oscillations, and
ϕ±,z are the phases. The motion of the particle can be decomposed into three independent oscillatory
motions. The oscillatory motion in the axial direction with the frequency ωz is called the axial motion,
the radial motion with the frequency ω+ is called the modified cyclotron motion, which is often
abbreviated as the cyclotron motion, and the other radial motion with the frequency ω− is called the
magnetron motion. An example of the trajectory is shown in fig. 2.2.

Figure 2.2: An example of a trajectory of a particle in a Penning trap (blue). The magnetron motion
(gray), The axial motion combined with the magnetron motion (red), and the cyclotron motion (or-
ange) are also drawn.

The amplitude of each oscillation can be determined independently, thus the total mechanical
energy of the particle can be decomposed into that of each oscillation [30].

Ez =
qU0a

2
z

d2
(2.15)

E± =
mρ±
2

(
ω2
± − ω2

z

2

)
(2.16)

The eigenfrequencies ω±,z are written as

ωz = 2πνz =

√
2qU0

md2
(2.17)

ω± = 2πν± =
ωc

2
±
(
ω2
c

4
− ω2

z

2

) 1
2

(2.18)

Typically, precision experiments have a strong magnetic field and a weak electric quadrupole field so
that the frequencies frequencies ω±,z differ by an order of magnitude or more from one another, and
satisfy the following relations.

νc > ν+ ≫ νz ≫ ν− (2.19)

ω± is real only when the content of the root in eq. 2.18 is greater or equal to 0:

2ω2
z < ω2

c . (2.20)

10



The motion of a particle inside a Penning trap is stable when eq. 2.20, the stability condition, is
satisfied. It can be translated as a condition limiting the electric and magnetic fields [30]

U0 <
1

2
qd2

B2
0

m
. (2.21)

This condition should be noted since the STEP trap system ramps down the superconducting magnet
during a transport operation.

Among these eigenfrequencies the following relation holds by their definition.

ν+ + ν− = νc (2.22)

ν+ν− =
ν2c
2

(2.23)

Therefore, it is possible to obtain the cyclotron frequency, which derives the charge-to-mass ratio, by
measuring ν+ and ν−. However, this method is vulnerable to errors due to trap imperfections including
a tilt of the magnetic field and an axial asymmetry. Instead, the ’invariance theorem’ is often used to
obtain νc. It relates three eigenfrequencies to the cyclotron frequency.

ν2c = ν2+ + ν2z + ν2− (2.24)

The cyclotron frequency derived from the invariance theorem is affected by errors from trap imperfec-
tions much less than that derived using the relations above. Therefore, to achieve a high precision in
the charge-to-mass ratio and g-factor measurements, the invariance theorem should be used and all of
the three frequencies are required.

2.2.3 The cylindrical Penning trap

Figure 2.3: An Schematic figure of a cylindrical Penning trap. A potential well formed along the axis
and the voltage of each electrode are also shown beside.

The hyperbolic Penning trap has advantage that hyperbolic electrodes can produce a perfect
quadrupole potential by its design. However, it has no accessibility to the inside without making
an aperture that leads to a distortion of the potential. Since BASE needs access to the inside to inject
antiprotons from outside, another design is required.

The cylindrical Penning trap, which consists of multiple cylindrical electrodes (fig. 2.3), is a common
solution for such applications. Since the electrodes do not have the hyperbolic shape, the potential
produced by them is not completely quadrupole, therefore, it needs to be corrected by additional
correction electrodes placed between the ring electrode and endcaps.

When voltage U0 is applied between the ring electrode and endcaps, and Ur is applied between the
correction electrodes and the endcaps, the produced potential can be written in a spherically expanded
form [30]

U =
1

2
U0

∞∑
k=0

Ck

( r
d

)k

Pk(cos θ), (k even) (2.25)
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Figure 2.4: (a) The resonator circuit to amplify the image current. When the particle has high axial
energy, the induced image current is amplified and observed as a peak in the frequency spectrum. (b)
The equivalent circuit when the particle is cooled.

where Ck is the coefficient of each term, r is the distance from the trap center, d = 1
2 (z

2
0 +

ρ2
0

2 ) is the
characteristic trap size, Pk(x) is the Legendre polynomial, and θ is the angle from the trap axis. The
summation in (2.25) is taken for even k since the trap geometry is symmetric in the axial direction.
The coefficients Ck represent the influence of the correction voltage on each term. For instance, C2

and C4 can be expressed as below.

C2 = C
(0)
2 +D2

Uc

U0
(2.26)

C4 = C
(0)
4 +D4

Uc

U0
(2.27)

C
(0)
k and Dk are determined by the geometry of the trap. C4 can be canceled out by selecting a specific

ratio of the ring voltage and correction voltage Uc/U0, which is called ’tuning ratio (TR)’. Although
changing the correction voltage generally changes C2, namely the depth of the potential well, a specific
geometry makes D2 zero. When zc/z0 ≈ 0.8351 and ρ0/z0 ≈ 1.0239, D2 is equal to zero. In such a
geometry, which is called an ’compensated trap’, the term of the order of 4 and 6 can be canceled out
simultaneously without altering the harmonic potential well.

2.2.4 Measurement method

As discussed above, to measure the charge-to-mass ratio, the cyclotron frequency of the confined
particle νc = qB0/2πm, and it is calculated using the invariance theorem ν2c = ν2+ + ν2z + ν2−.

The g-factor of a particle can be obtained using the cyclotron frequency νc and the Larmor frequency
νL = gµBB0/h̄, which is the frequency of the spin precession in a magnetic field. They are connected
with the g-factor as below.

g

2
=
νL
νc
. (2.28)

The axial frequency νz is measured using electronic detector circuit built in the trap using the image
current induced by the axial motion of the particle. The other frequencies ν±, νL can be measured
indirectly via the axial frequency detector. The methods to measure each frequency are described
below in detail.

Axial frequency measurement

While a particle is confined in a Penning trap, the particle oscillates in the axial direction because of
the harmonic electrostatic potential. Since a charge near a metal surface induces an image charge in
the metal, a moving particle induces an image current on the electrodes.

Although the image current is on the order of fA, it can be amplified by a large impedance to a
detectable level. To this end, a resonance circuit consisting of an inductance L and a capacitance C
connected in parallel is connected between electrodes. When the particle is oscillating at the resonance
frequency νres = 1/2π

√
CL, the resonance circuit works as a impedance

Rp = 2πνresQL (2.29)
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where Q is the quality factor of the resonance circuit. The particle loses its energy and is cooled to the
thermal level of the resonance circuit due to energy dissipation at the impedance. The cooling rate γ
of this resistive cooling is

γ =
Rq2

mD2
(2.30)

where D is the characteristic trap size. When a particle inside a trap has enough energy and it is
dissipated at the resonance circuit, a FFT (Fast Fourier Transformation) spectrum converted from the
transient signal at the resonator shows a peak at the particle frequency, which tells the existence of
the particle in the trap.

After the particle is cooled to the thermal level, the particle works as a series LC circuit consisting
of an inductance lp = mD2/q2 and capacitance cp = q2/mω2

zD
2 [31].

lp =
mD2

q2
(2.31)

cp =
q2

m(2πνzD)2
(2.32)

At the frequency of the particle’s oscillation, the equivalent series LC circuit has zero impedance and
makes a short circuit with the detector circuit. Therefore, when the particle is cooled to the thermal
level, the FFT spectrum of the signal shows a so called particle dip at νz. νz can be measured by
fitting a known shape of the dip to that on the spectrum.

The thermal noise observed in the FFT spectrum is the so-called Johnson-Nyquist noise[32][33]
which is given as

E2dν = 4RkBTdν (2.33)

where E is the voltage noise density, R is the real part of the impedance of electrical components, kB
is the Boltzmann constant, and T is the temperature.

The impedance of the detector circuit combined with the equivalent circuit of the particle is

Z(ν) =

[
1

Rp
+ i

(
2πνC − 1

2πνL

)
− i

(
1

2πνlp − (2πνcp)−1

)]−1

(2.34)

Using 2.29, 2.30, 2.31, and 2.32 the real part of Z(ν) is written as

R =
Rp

1 +
(
Q

ν2
res−ν2

νresν
+ γ

2π
ν

ν2−ν2
z

)2 . (2.35)

The noise can be written as

E2dν =
4kBTRp

1 +
(
Q

ν2
res−ν2

νresν
+ γ

2π
ν

ν2−ν2
z

)2 (2.36)

The width of the dip ∆νz is defined as the difference between the frequencies at which the noise
level drops to

√
4kBTRp/2. For νz = νres, the dip width of a single particle is given as

∆νz =
γ

2π
=

Rpq
2

2πmD2
(2.37)

In the case of an ensemble of antiprotons, the dip width is

∆νz(N) =
NRpq

2

2πmD2
. (2.38)

Therefore, the number of particles confined in the trap can be estimated by measuring the dip width.

Radial frequencies measurement

The frequencies of the radial motions can be measured using the sideband coupling with the axial
frequency νz. To this end, a dynamic quadrupole potential oscillating at a drive frequency νrf = ν±∓νz
is applied.

E(r, t) =
1

D2
Vrf cos(2πνrft)(zeρ + ρez) (2.39)
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It causes a periodic exchange of the energy called Rabi oscillation between the axial motion and
the coupled radial motion, thus the amplitudes of the motions are modulated.

z(t) = az sin(
Ω0

2
t) sin(2πνzt) (2.40)

=
az
2

[
cos

(
(2πνz −

Ω0

2
)t

)
− cos

(
(2πνz +

Ω0

2
)t

)]
(2.41)

ρ±(t) = ρ± cos(
Ω0

2
t) sin(2πν±t) (2.42)

Ω0 =
qVrf

4πmD2√νzν±
(2.43)

where Ω0 is the Rabi frequency, which is the frequency of the Rabi oscillation. The modulated axial
oscillation can be separated into two modes at frequencies

νl = νz −
Ω

4π
(2.44)

νr = νz +
Ω

4π
(2.45)

The frequency spectrum of the modulated oscillation shows peaks at these frequencies.
In an experiment, the drive frequency νrf is slightly detuned by δ from ν±∓νz as νrf = ν±∓νz±δ±.

In this case, the modulated axial oscillation is

z(t) = az sin(
Ω±

2
t) sin(2πνz) (2.46)

Ω± =
√
Ω2

0 + 4π2δ2± (2.47)

and the frequencies of components in z(t) are

νl = νz −
δ±
2

+
Ω±

2π
(2.48)

νr = νz −
δ±
2

− Ω±

2π
(2.49)

Although there is a detune of the drive frequency, the radial frequencies ν± can be derived precisely
using νl,r, νz and νrf

ν± = νrf ± (νl + νr − νz) (2.50)

The modified cyclotron frequency can be also measured directly in the same manner for the axial
frequency. To this end, one of electrodes in a trap is radially separated so that radial motions can
induce the image current between them, and they are connected via a resonant circuit tuned for one
of the radial frequencies.

Larmor frequency measurement

A Larmor frequency νL is not related to any of the three motions of a particle inside a Penning trap,
therefore it is not possible to measure νL directly using the detector system for the axial frequency.
To measure the Larmor frequency, a magnetic field gradient is used to relate νL with the axial motion
and detect it via the detector system.

To this end, a strong inhomogeneity of a magnetic field depending quadratically on the z-coordinate,
which is called a magnetic bottle, needs to be produced at the center of the oscillation. The axial
component of the magnetic field in a Penning trap can be expanded in the z-axis [30]

Bz(z) = B0 − 2B1z +B2z
2 + · · · (2.51)

where B0 is the offset of the magnetic field, B1 is a coefficient of a proportional dependency on z, and
B2 is a coefficient representing the depth of a magnetic bottle. A magnetic bottle can be produced in
a Penning trap by a ferromagnetic electrode with specialized geometry.
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A magnetic dipole moment µ in a magnetic field B feels a potential Φ = −µ · B. Therefore,
an antiproton which has a magnetic moment µp̄ feels a harmonic potential because of the quadratic
term of the magnetic moment. Combined with the electrostatic potential, the harmonic potential of a
magnetic moment affects the axial motion of a particle. The axial frequency of an antiproton will split
into two values which respectively represent the parallel and antiparallel spin states since they have
opposite magnetic moments. This effect is called the continuous Stern-Gerlach effect. The frequency
shift between the states is

∆νz,SF =
1

2π2

µp̄B2

mp̄νz
(2.52)

In BASE, a typical B2 value is around 3×105 T/m2, which results in a difference in the axial frequencies
of about 231 mHz out of 549 kHz axial frequency.

2.2.5 Experimental setup of BASE

To achieve high-precision measurements of the charge-to-mass ratio and g-factor of an antiproton,
BASE constructed a Penning trap system in the Antiproton Decelerator (AD) which supplies low
energy antiprotons, located in CERN. The detailed features of the apparatus are described below.

Apparatus

Figure 2.5: A cross-section view of the BASE apparatus. Taken from [9]

Fig. 2.5 shows a cross-section view of the BASE apparatus. The BASE apparatus has a super-
conducting magnet to produce a strong and homogeneous magnetic field, and two cryostats for liquid
nitrogen and liquid helium to cool the trap system. The superconducting state of the magnet is
maintained by separate cryoliquid reservoirs The magnet is operated to produce a magnetic field of
B0 = 1.945T. A trap chamber, which has the trap electrodes inside it, and detector circuits are fixed
in a horizontal bore of the magnet by a support structure which is connected to the cryostats. The
cryostats and the trap are isolated from the atmosphere by an isolation vacuum which is pumped by
a turbo molecular pump placed below the vacuum chamber.

Antiprotons are injected from the beamline from AD and decelerated by a degrader foil, which is
a thin (∼ 2µm) foil made of polymer. Injected antiprotons are caught by potential walls produced by
high voltage electrodes, cooled and stored in the trap [9]. The pressure inside the trap is maintained
below 10−19 mbar by cryopumping [34], which enables a long term storage of an antiproton cloud as
long as a few years.
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Figure 2.6: An overview of the Penning trap system of BASE taken from [34]

Fig. 2.6 shows an overview of the Penning trap system of BASE. It consists of four different traps
which are dedicated to different operations in measurements. Each trap implements a different function
as described below.

The reservoir trap (RT) is placed at the upstream end of the trap assembly with two high voltage
electrodes at both ends of RT, and it aims to catch and store antiprotons supplied from AD. Five
electrodes placed near the center of the RT are used for trap electrodes (a ring electrode, correction
electrodes, and endcaps) to confine antiprotons, and other electrodes are usually used to transport
antiprotons to other traps. An axial detector circuit is connected to monitor the number of antipro-
tons trapped inside RT. The RT typically stores ∼ 100 antiprotons, which is enough to continue a
measurement campaign for a few years.

The precision trap (PT) is dedicated to cyclotron frequency measurements. To ensure maximum
precision, it has a shimming and shielding system which is made of superconducting coils and enables
us to cancel linear and quadratic magnetic inhomogeneities B1 and B2. An axial detector circuit
and a cyclotron detector which is optimized for directly measuring and cooling the modified cyclotron
frequency ν+ are connected to a electrode.

The analysis trap (AT) aims to measure the Larmor frequency νL. Unlike other traps, the ring
electrode of AT is made of a ferromagnetic material and has a specially designed shape to produce
strong magnetic bottle by distorting the magnetic field produced by the main superconducting magnet.
The AT has an axial detector connected to one of endcaps and a coil to drive the spin flip of an
antiproton.

The cooling trap (CT) is placed at the downstream side to cool the modified cyclotron mode. It
has a ferromagnetic ring electrode as well as the analysis trap, though it produces a weaker magnetic
bottle. CT is equipped with a cyclotron detector which enables resistive cooling of the modified
cyclotron mode to the level as low as 200mK together with an axial detectors [35]. Note that the
temperature 200mK is not that of the cyclotron detector, but the amplitudes corresponding to that
temperature. The modified cyclotron mode cooling suppresses fluctuations of the axial frequency
dependent on the energy of the modified cyclotron mode, and enables a spin flip detection with high
fidelity.

The trap electrodes are made of oxygen-free copper (OFC) coated with gold on its surface. Sapphire
rings are used to isolate and align the electrodes. While the upstream side of the trap assembly is
opened for injection of antiprotons, an electron gun is placed at the other end. Electrons injected
from the electron gun are used to cool antiprotons injected from the beamline which have high radial
motion energy.

Antiproton production

Fig. 2.7 shows the beamlines of the accelerator complex used for produce and provide antiprotons.
The antiprotons used in BASE are provided by the CERN Antimatter Factory (AMF), which is the
only facility in the world so far that is capable of providing low-energy antiprotons. In the AMF,
antiprotons are produced by the collisions of protons and a target material[36] and decelerated by
two decelerator rings, the Antiproton Decelerator (AD) and the Extra Low Energy Antiproton ring
(ELENA) to the energy of 100 keV, approximately.
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Figure 2.7: The beamlines of the accelerator complex used to supply protons to AD.

At first, the linear accelerator (LINAC4) accelerates negative hydrogen ions (H−) to 160MeV
energy and the H− ions are transmitted to the next circular accelerator, the Proton Synchrotron
Booster (PSB). As the H− ions are ejected from the LINAC4 and injected into the PSB, two electrons
of the ions are removed, and remaining protons are divided and accelerated by four superimposed
rings composing the PSB up to the energy of 2GeV. The 2GeV protons are injected into the larger
accelerator, the Proton Synchrotron (PS) to e accelerated to the energy of 26GeV, which is high
enough to produce antiprotons by the pair-creation reactions.

The protons transmitted from the PS to the AD are injected into the target material made of a thin
iridium rod with 3mm × 55mm diameter and length embedded in graphite and enclosed in a sealed
titanium container[36]. The emerging antiprotons are focused into the injection line by a magnetic
horn used as a collector lens.

The injected antiprotons travel in about 190m long beamline of the AD [37]. A bunch of antipro-
tons, which has the momentum of 3.7GeV/c, is first cooled using the stochastic cooling technique to
suppress the spread of the bunch in phase space.

In the stochastic cooling phase, a fraction of the beam is sampled to obtain the average transverse
position or longitudinal momentum of the sample using a non-destructive measurement device called
a pick-up [38, 39]. The signal from the pick-up is amplified and sent to a kicker, which is placed
downstream of the pick-up and applies a correction voltage to counteract the displacement of the
sample according to the signal. Although the entire bunch of the particles cannot be cooled within a
single cycle since the kicker only counteracts a fraction of the beam, the sample is cooled after many
cycles while the rest of the bunch is not affected averaging the cycles.

After the first stochastic cooling phase, the bunch of the antiprotons is decelerated by the deceler-
ation rf system with 3.5 kV peak voltage to a intermediate energy level of 2GeV/c.

Another stochastic cooling process takes place again at 2GeV/c, afterwards the antiprotons are
further cooled to 300MeV/c.

Here another cooling technique called electron cooling takes place. In this step, an electron beam
with well gathered momenta is injected into the antiproton beamline and merged with the antiproton
bunch [40, 37]. The merged beam reaches the thermoequilibrium by the Coulomb interaction, hence
the kinetic energy of the antiprotons is transferred to the electrons. The electrons are extracted from
the beam and dumped.

The cooled antiprotons are decelerated to 100MeV/c (5.3MeV kinetic energy) and electron cooled
to be handed over to the ELENA.

The ELENA is a hexagonal decelerator ring with the circumference of about 30m. The antiprotons
injected into ELENA undergo the deceleration from 100MeV/c to 13.7MeV/c (100 keV kinetic energy),

17



while electron cooling phases take place at momenta 35MeV/c and 13.7MeV/c [37]. Subsequently the
antiprotons are ejected from ELENA and distributed to the experiments by electrostatic beamlines at
100 keV energy.

The deceleration processes by the AD and ELENA take about 100 s and 20 s approximately, and
the antiprotons are usually supplied in 2 minute cycles.

Measurement sequence

At first, the antiprotons injected from ELENA traverse the degrader foil placed at the entry of the
trap system and are decelerated to the energy of a few keV. A fraction of the antiprotons with an
energy below a certain level is reflected by a potential wall formed by the high voltage (HV) electrode
located next to the downstream end of the RT. Afterwards, the other HV electrode on the upstream
end is quickly ramped to confine the particles inside the RT. The confined particles with energy of a
few keV are cooled into a range of 4K to 200K by electrons stored in the RT in advance [41].

For the charge-to-mass ratio measurement, an antiproton and a H− ion, as a proxy of a proton,
are simultaneously confined and measured in turns. This method enables us to use a common electric
potential and avoid a systematic error due to inverting the voltage. Since a H− ion contains two
electrons, it is slightly heavier than a proton[11]

RH−,p =
mH−

mp
= 1.00108921875380(3). (2.53)

The ratio of masses of the two particles is calculated theoretically and has an uncertainty of 3×10−14.
From the composite cloud of the antiprotons and H− ions stored in the RT, an individual antiproton

and H− ion are extracted and one of them is transported to the trap position of the PT while the other
particle is stored at the parking position next to the upstream end of the PT. After a measurement of
the first particle in the PT is completed, it is transported to another parking position at the downstream
end of the PT, and the other particle is transported to the PT to be measured.

Repeating these procedures, data of over 24,000 frequency measurements were collected in four
measurement campaigns between December 2017 and May 2019 [11]. From this dataset, the ratio of
charge-to-mass ratios of a proton and antiproton was obtained as

(q/m)p
(q/m)p̄

= −1.000000000003(16). (2.54)

This result support the CPT symmetry, having 16 ppt uncertainty and is currently the most precise
measurement of this quantity.

During a measurement of the g-factor of the antiproton, two antiprotons are used simultaneously.
One of antiprotons is first prepared in the PT, the magnetron mode is cooled by sideband coupling to
the axial mode, and the cyclotron mode by direct resistive cooling using the cyclotron detector. The
cooling of the modified cyclotron mode is especially important to establish a high-fidelity detection of a
spin flip [42, 10, 35]. The frequency shift caused by a spin flip ∆νSF is only ppm level compared to the
axial frequency. The cyclotron energy E+ needs to meet E+/kB < Eth/kB = 0.2K to suppress axial
frequency fluctuations dependent on E+ sufficiently compared to the frequency shift of a spin flip [10].
The cooled antiproton is transported to the AT, where the strong magnetic bottle B(z) = B0 +B2 at
B0 = 1.23T and B2 = 272(12) kT/m2, to check if E+ is low enough by measuring the axial frequency,
which depends on E+ under the strong magnetic bottle. Such cooling processes are repeated until the
cyclotron energy is cooled below the threshold.

The cooled antiproton (Larmor particle) is transported to the AT after the cooling, and another
antiproton (cyclotron particle) is loaded into the PT. The first step of the measurement is to identify
the spin state of the cold antiproton. To this end, an axial frequency measurements and spin flip drives
are implemented in turn until a frequency shift due to a spin flip is observed:

∆ = νz,k,j+1 − νz.k,j > 190mHz (2.55)

where j is the index of the axial frequency measurements and k is the index of the entire measurement
cycles. Subsequently, the cyclotron frequency of the cyclotron particle in the PT is measured three
times j ∈ {1, 2, 3}. Afterwards, the cyclotron frequency is transported to the parking electrode placed
on the upstream side, and the Larmor particle is carried to the PT. The Larmor particle is driven by a
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Figure 2.8: The g-factor resonance of the antiproton as a function of the irradiated frequency ratio
νrf/νc from [10]. The red line is the result of a direct likelihood estimation of gp̄ and ΩR. The gray
area indicates the 68% error band.

RF field at a drive frequency νrf,k and spin transition Rabi frequency ΩR for a certain duration using
the spin flip coil placed beside the trap. The Larmor particle and the cyclotron particle are moved
back to the AT and PT, respectively, and additional three cyclotron measurements in the PT and the
spin flip determination in the AT are implemented.

The cycle of measurements is repeated for different drive frequencies νrf,k and the g-factor resonance
Γk = νrf,k/νc,k, which is the probability of spin flip, can be obtained by normalizing the drive frequency
by the averaged cyclotron frequency as shown in fig. 2.8.

In the latest report [10], the g-factor of the antiproton was measured as

gp̄
2

= 2.792847350(9), (2.56)

which is in agreement with CPT invariance, with 1.5 parts-per-billion uncertainty.

2.3 Influence of the magnetic field fluctuation

Since the frequencies measured in a Penning trap are dependent on the magnetic field, it is required
to be stable during the measurement. Though a superconducting magnet operated in persistent-mode
yields high stability of the produced magnetic field, the best Penning trap experiments have reached
a frequency stability of up to 10−11 in subsequent measurements. While an offline Penning trap
measurement which is affected by the intrinsic stability of the superconducting magnet, BASE which
is operated inside the Antiproton Decelerator facility needs to consider the fluctuations of the external
magnetic field produced by the decelerator.

The AD/ELENA complex ramps its magnets during the deceleration process, so it produces peri-
odic shifts in the magnetic field. The periodic change of the magnetic field inside AD is up to about
3µT as shown in fig. 2.9(a) and it would cause a systematic relative shift of 10−6 level in a frequency
measurement if it exists at the trap center.

Even though the BASE Penning trap system has the shielding coil system around the PT, which
can suppress the fluctuations of the external magnetic field by a factor of up to 225(15), frequency mea-
surements in the AD are limited by the magnetic fluctuations during AD operations. For instance, the
measurement of the cyclotron frequency ratio of the antiproton and H− ion has a relative uncertainty
of ∆R/R = 2000 ppt during an AD operation, while ∆R/R = 300 ppt under ”AD-off” conditions. This
fact results in that achieving a relative precision of 3 ppt requires 10,000 measurements while the AD is
off, corresponding to a measurement time of ∼ 30 days, while the same precision needs a measurement
time of 44months while the AD is running. Considering that systematic studies which involve evalu-
ations of multiple systematic errors are needed in addition to the frequency measurements, the total
time required for complete measurements is several times longer than that for frequency measurements,
which means that at least a few months are required even under the best conditions.
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Usually, the AD/ELENA complex is switched off during the Year End Technical Stop (YETS),
which typically takes place from December to the beginning of next April. During YETS, BASE
typically has two weeks of 12h calm facility after the end of the antiproton run while the other
experiments are still active, four weeks of 24/7 calm facility during Christmas and at the beginning of
the year, and six weeks of 12h calm facility when ELENA is being commissioned from the middle of
February to the beginning of April. The duration of calm facility is not sufficient to achieve a precision
of a few ppt which is 10-fold higher than any precision achieved so far.

Figure 2.9: (a) Transient magnetic field measured in BASE-STEP experimental area in AD during the
AD facility is working. (b) The allan deviation 2.57 measured in the AD and the university of Mainz.

Fig. 2.9(b) shows the influence of the AD facility on the magnetic field fluctuation. Here, mean
magnetic fields µti,ti+τ (B) of certain durations from ti to ti + τ were calculated from a data set of a
measurement lasting 24 hours. Then Allan deviation using differences between consecutive time bins
was calculated as a function of the averaging time τ .

σB(τ) =

√√√√ 1

N

N−1∑
i=1

(µti+τ,ti+2τ (B)− µti,ti+τ (B))2 (2.57)

where ti+1 − ti = τ . These values were measured and calculated at some experimental conditions, in
the AD facility of CERN while the AD is on (red) and off (orange), and in the experimental area of
BASE in the University of Mainz, on a weekday (blue) and a weekend (purple).

While the ”AD on” condition shows periodic changes due to the periodic correlation, it is in the
range of 0.1 to 1 µT. The ”AD off” condition yielded about 40 times lower deviation at τ = 120 s
compared to the AD on condition, though there were still contributions by other experiments’ activities
in the AD hall. The deviation in the Mainz experimental zone is lower than that in the AD. While
there is a difference of a factor of 4 to 5 between the weekday and weekend, it was a few times 0.1 nT
in the weekend condition.

Therefore, performing the measurements in an offline laboratory reduces the magnetic-field fluc-
tuations by a factor of several hundred compared to the AD during operation, which significantly
improves the measurement precision. A transportable antiproton trap that allows the experiment to
be moved from the AD to an offline laboratory is essential for achieving higher precision.

2.4 BASE-STEP

BASE-STEP (Symmetry Test in Experiments with Portable Antiprotons) aims to develop a trans-
portable Penning trap system which can transmit antiprotons from AD to an offline laboratory located
at CERN or other institutions. The trap system will be loaded and carried on a truck while the system
will be working to confine antiprotons.

To this end, the BASE-STEP Penning trap system was designed to be transportable, autonomous
and open for injection, storing, carrying and ejection of antiprotons.
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Figure 2.10: An overview of the transportable frame of BASE-STEP trap system. The antiprotons
are injected from the right side of the left picture.

2.4.1 Apparatus

Fig. 2.10 shows an overview of the transport frame with the Penning trap system. All of the components
needed to operate the trap are installed inside a frame sized 194 cm × 85 cm× 160 cm. In addition to
the trap biasing, waveform generators, and a FFT analyzer, which are essential for the operation of
the trap and the measurements, uninterrupted power supplies (UPS), a router, and a control PC are
placed for the transport operation. A liquid helium levelmeter and pressure readouts are also included
in the frame to monitor the status of the cryostat and the vacuum chamber.

The magnetic field for particle confinement is provided by the superconducting magnet with a single
cryostat for liquid helium. The magnet is operated at a magnetic field level up to 1T, depending on
the kind of the operation such as catching and transporting.

The trap system inside the bore of the magnet consists of two traps which are respectively used
for catching and storing antiprotons.

Trap system

Figure 2.11: A cross-sectional view of the trap system with the name of each component. Antiprotons
are injected from the left side.

A schematic cross-sectional view of the trap system is shown in fig. 2.11. The trap electrodes are
placed inside the hermetically sealed trap chamber, which is fixed on the superconducting magnet.
The resonator circuits for the measurements are placed outside the trap chamber, while they are
electrically connected to the electrodes via the feedthrough flange called pinbase, which is placed on
the downstream end of the trap chamber.

The trap electrodes consist of two sets of the trap electrodes and two rotatable parts.
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Figure 2.12: (a) A photo of the rotatable degrader stage (DEG). (b) A schematic connection diagram
of the DEG.

The rotatable degrader stage (DEG) is placed at the upstream end of the trap stack. It is equipped
with a thin foil made of polymer, which is called a degrader foil. A degrader foil is used to decelerate
antiprotons traversing through the foil by scattering of antiprotons by electrons and atoms in the
degrader foil material, and resulted energy loss. Since antiprotons supplied from ELENA have an
energy of 100 keV, which is too high to capture them with an electric potential of a few kV, a degrader
foil is essential for capturing antiprotons inside the Penning trap.

Although the capturing process requires a degrader foil, in the ejection process, when the stored
antiprotons are transmitted to the relocated measurement apparatus with an energy of a few keV, the
degrader foil will completely block the antiproton beam. Therefore, the degrader foil is required to
switch its position and an aperture is placed on axis to transmit the slow antiprotons outside.

The rotatable degrader foil stage driven by a piezoelectric motor fulfills this requirement. Its
cylinder-shaped rotor has two pairs of windows so that a beam can pass through them, and a degrader
foil is fixed on one of the windows. The position of the rotor is monitored by a dedicated monitoring
circuit placed on the top of the rotor. Two copper plates are attached on the top of the rotor, and
one of them is connected to the readout pin going outside via a resistor while the other is shorted the
pin. A fixed grounded probe contacts one of the plates depending on the position of the rotor. The
readout probe is connected to the outside of the apparatus, and the resistivity is read there.

Figure 2.13: A schematic cross-sectional view of the catching trap. The connection of each electrode
is also displayed.

The catching trap (CT) is designed to capture antiprotons. It consists of 15 electrodes (from the
upstream, C01 to C15) made of gold coated OFC insulated by sapphire rings as the BASE trap system.
C01, C03 and C15 are the high voltage electrodes which can be biased up to ±2 kV. C13 and C14
are capable of being biased up to 200V. The electrodes are connected to the pinbase while the wires
are covered by PTFE tubes to avoid a short circuit and mechanically support the wires. Some wires
that conduct high voltages or RF signals are shielded by grounded copper tubes to avoid affecting the
stability of the electrostatic potential.
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The electrodes C06 to C10 compose a 5-electrodes Penning trap, which is equipped with a cyclotron
detector (Cyc C, C07) and an axial detector (Ax A, C09).

In the capturing process, While C15 is biased at −2 kV constantly, C01 is ramped from 0 to −2 kV
in a short time of about 200 ns by a high voltage switch connected to the electrode and placed outside
the STEP apparatus.

The captured antiprotons are cooled to a few eV level by an electron cloud confined in advance,
afterwards they are accumulated around C08 by a potential produced by C06 to C10.

The cloud of captured antiprotons can be separated and merged by manipulating the potential
[43]. Using this technique, a single antiproton can be extracted from the cloud and ejected from the
apparatus to a receiver apparatus, which minimizes risk of losing the entire antiproton cloud. The
separation is executed by forming a potential well, which is flat around the three electrodes (C07 to
C09) and ramping the ring electrode C08 to form double potential wells separated by a potential wall.

A fraction of antiproton to be ejected is adiabatically transported to C02 where C01 to C03 form
a potential well of about 10V. The three electrodes are ramped up to a high voltage range of 3 kV,
keeping the shape of the potential well. The antiproton(s) can be ejected with an energy of about
3 keV by pulsing C01 to 0V.

The other fraction can be transmitted to the neighboring trap, the reservoir trap. To this end, a
process similar to that for the ejection is executed using electrodes from C13 to C15, but with the
lower voltage of 200V.

Figure 2.14: (a) A photo of the ROT electrode. (b) A cross-sectional view of the ROT section and a
connection diagram

The rotatable electrode stage (ROT) is placed between the catching trap and the reservoir trap
(RT), which aims to store antiprotons for a long period. It has a similar design to that of the degrader
stage. It consists of a piezoelectric motor, a cylinder-shaped rotor with a tunnel, and a circuit for the
position readout function.

The purpose of the ROT is to preserve the antiprotons in the RT during the ejection process.
Before the ejection process, a small fraction of the antiprotons is prepared at the CT and the rest is in
the RT. When the antiprotons in CT are ejected from the trap, the DEG is rotated to open the path
and the trap is exposed to molecular flows coming from outside with a higher pressure. The ROT is
turned to block the molecular flow so that the antiproton loss due to annihilation of antiprotons with
gas molecules is minimized.

The reservoir trap (RT) is dedicated to the storage of antiprotons. It consists of 15 electrodes (R01
to R15) as well as the CT. R01 to R04 and R13 can be biased up to 200V while the other electrodes
are biased up to 16V.

The electrodes R01 to R03 are used for shuttling antiprotons between the CT and RT. Capturing
antiprotons from CT can be done by pulsing R01 with a constant potential wall at R03.

Antiprotons transmitted from the CT are transported from R02 to R08, the center of the 5-
electrodes Penning trap identical to that in the CT. A cyclotron detector (Cyc B) and an axial detector
(Ax E) are connected to R07, R09, and C12 respectively.

The separation and merging can be done also in the RT, enabling the merging of antiproton clouds
from multiple shots and the storage of up to a few thousands antiprotons.
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Figure 2.15: A schematic cross-sectional view of the reservoir trap.

The cryogenic and vacuum system

Figure 2.16: A cross section view of the trap system of the STEP apparatus. Each component of
cryogenic and vacuum system is labeled. The approximate position of the end of the transport frame
is indicated by a red broken line.

Fig 2.16 shows the cross-sectional view of the trap system including the cryostat and vacuum
chambers.

The trap chamber is fixed to the superconducting magnet so that the misalignment of the magnetic
field is minimized. The magnet consists of one main solenoid of 500mm long and four shim coils, which
are made of Niobium Titanium (NbTi) wires and integrated in the circuit of the main solenoid. It
achieves magnetic inhomogeneity of |B1| < 0.85mT/m and |B2| < 0.64T/m2 between z = −75mm
and z = 75mm, where z = 0 is the center of the magnet. The magnet is fixed and thermally connected
to the helium vessel. The helium tank has five tubes connected to the outside named H1 to H5. Each
vessel is used for the following purposes:

1. H1 Helium exhaust line: It connects the tank to the outside via two heat exchangers on two heat
shields.

2. H2 Helium relief/siphon line: Helium can be exhausted without the heat exchanger. Helium is
refilled to the tank using this line.

3. H3 Helium safety valve: It is equipped with a safety valve opening at 1.0 bar.

4. H4 Helium rupture disc: It is equipped with a rupture disc opening at 1.5 bar.
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Figure 2.17: A schematic of the cryostat with indicating the connection of the vessels and the coldhead.

5. H5 Helium instrumentation: The probe of the helium tank levelmeter is connected.

The helium tank is also connected to the cold head of the two-stage pulse tube cryocooler to reliquify
helium from a gas source. The cooling of the system is supplied by this cryocooler at a stationary
operation in the AD, while it is done by liquid helium tank during a transport operation.

The cryostat contains two heat shields to decrease the heat load from the outside, which are at 4 K
and 50 K, respectively. The components described above are put in the outer vacuum chamber (OVC),
and the volume inside the OVC, including that inside the 50K and 4K heatshields, are pumped out so
that the cryogenic components are better insulated from the room temperature environment.

The aperture of the trap chamber is extended by tubes made of titanium and a bellow placed
between them to absorb the mechanical stress. The end of the tube reaches in a vacuum chamber
called the inlet chamber. A beam monitor to detect the position of the beam and a cryogenic valve are
attached in this chamber. The inlet chamber is evacuated by a NEG pump and two turbo molecular
pumps (TMPs) connected in series and backed by two scroll pumps. The pressure reaches 10−9 mbar
after a few times of activations of the NEG pump. The vacuum inside the trap chamber is expected
to be 10−16 mbar due to cryopumping, during which the residual gas is frozen on the cold surface of
the trap chamber. The difference of the pressure between the inlet chamber and the trap chamber
results in a flow of gas molecules. Even though the long tube structure between the inlet chamber and
the trap suppresses the amount of gas reaching the trap to some extent, the molecules blown into the
trap accumulate on the cold surface and the effect of the cryopumping is decreased. To avoid the early
accumulation of the molecules, the cryovalve closes the entrance of the tube section and blocks the gas
flow when a beam is not injected.

2.4.2 The STEP Beamline

Antiproton bunches ejected from ELENA are transmitted via beamlines spreading to the experiments
in the AD. The beamline used to supply the bunches to BASE-STEP is shared with two experiments
located behind STEP.

A bunch supplied to STEP is kicked to a small angle of about 8.3 degrees by a fast deflector capable
of applying a high voltage pulse. The deflected bunch is further deflected by a large deflector chamber
that bends the trajectory into the vertical direction while other bunches going to other experiments
go straight.

Beyond the deflector, two beam manipulating devices called ZQNA chamber are placed. A ZQNA
chamber consists of two sets of quadrupole electrodes and two pairs of dipole electrodes. The quadrupole
electrodes can focus the beam in one direction, though the beam is defocused in the other direction.
The dipole electrodes can shift the beam horizontally or vertically by applying positive and negative
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Figure 2.18: The cryovalve when it is open (a) and closed (b). The valve is manipulated by pulling or
pushing the rod connected to it using a linear shift bellow.

voltages on each side. Each electrode can be biased up to ±1500V. The voltages are controlled by
a system provided by CERN from the control room of the BASE-STEP. A beam monitor is installed
between the ZQNA chambers.

The beamline from ELENA is separated from that in the BASE-STEP experimental zone by a gate
valge called the handover valve. The handover valve is controlled by CERN’s control system and can
be opened only when the pressure of the beamline on the STEP side is below 5 × 10−9 mbar and the
experimental area is locked.

In the BASE-STEP experimental area, a vacuum chamber to install a beam monitor described in
the chapter 3 is connected to the handover valve via a reducer flange. In addition to the beam monitor,
a scroll pump backed turbo molecular pump and two vacuum gauges, which input the status of the
vacuum to the control system of the handover valve, are installed on the chamber. To bend the beam
into the horizontal direction, another deflector chamber is installed above the beam monitor chamber.
It has a pair of bended electrodes to produce a centripetal electric field. Typically, a voltage of about
10000V is applied between the electrodes to deflect the beam by 90 degrees. It is connected to two
TMPs, behind which the vacuum vessels are merged and connected to the backing TMP and scroll
pump. Beyond the second beam monitor installed at the downstream end of the deflector chamber,
a ZQNA chamber, which has the same design as that in the beamline beneath the floor, is installed.
The electrodes of the deflector chamber and the ZQNA chamber are connected to a high voltage power
supply placed in the experimental area and controlled from the BASE-STEP control room by our
control system. The gate valves at the end of the STEP trap and the beam lines are connected with
a bellow and T-piece. The branch of the T-piece is connected to a TMP backed by a scroll pump,
and the section was evacuated before the gate valves were opened. When the trap system does not
need to be connected to the beamline or is going to be transported, the gate valves are closed and the
intermediate section is removed.
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Figure 2.19: The drawing showing the beamline from ELENA under the experimental area of STEP.

Figure 2.20: Section view of the entire beamline in the STEP experimental zone. The position of
the transport frame is indicated as well as fig. 2.11. The connection to the vacuum pumps is also
schematically depicted. The gate valve installed between the beam monitor chamber and the deflector
chamber was originally installed and removed later because of a malfunction.
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3 Development of the beam monitors

In front of the trap chamber where the antiprotons are captured and confined, there is the differential
pumping section with the length of 696.5mm and the diameter of 6mm at the minimum. Because of
this geometry, there is the angular acceptance as low as θ = 0.015 rad. To reduce the effort to inject
the beam into the trap, the beam monitors that are capable of monitoring the position of the beam
are essential.

A concept of the beam monitor that four detector plates placed around the beamline axis collect the
charged particles of the beam was proposed and some prototypes have been installed on the beamline.
However, this beam monitor does not have enough precision for the beam near the beamline axis.
Moreover, the electronics to amplify a small signal of the collected charge to a readable signal had
instability of its response.

To overcome these problems, a new beam monitor composed of a grid of detectors, which enables
the estimation of the beam position and its shape needs to be developed and installed, especially in the
section in front of the trap. The electronics that work with enough stability also need to be developed
by improving their design and parameters.

In this study, the new beam monitors were designed, assembled and tested using the antiproton
beam and H− ion beam from ELENA, and the electronics were also designed to achieve the readout
of the signal. The control system to operate the beam monitors were also developed and described
here.

As a result, the readout of the charge signal from the detector, the calibration of the beam monitors,
and the estimation of the beam profile using the new beam monitor were achieved, while there is still
some room to improve in the adjustment of the parameters for better accuracy.

3.1 Design

3.1.1 Mechanics

Currently, four beam monitors are installed on the BASE-STEP beamline. The common principle
among these beam monitors is that metal parts acquire some charge from the collision of antiprotons
with the parts and transmit the charge to the electronics placed outside the beamline vacuum. Here,
the details of the design of each beam monitor are described.

First beam monitor

The first beam monitor in the beamline is placed in the vertical section, approximately 20 cm above the
handover valve, which divides the beamline controlled by our experiment and the ELENA beamline.
This beam monitor was developed earlier by F.Abbass et.al. This beam monitor has four metal plates
with the inner diameter of 20mm, which are placed around the beam axis and fixed on a holder
part while keeping them isolated from the holder by using ceramic washers (Fig. 3.1). The holder
is connected to the feedthrough flange, which has a 9-pin D-sub receptacle, by a metal rod, while
each plate is connected to the pin of the feedthrough by bare copper wire. The feedthrough flange is
connected horizontally on a cross flange on the handover valve. The position of the beam monitor was
adjusted by inserting washers at the joint of the flange and the rod.

When the position of the beam is misaligned from the center of the beam monitor, plates closer to
the beam center collect more particles than the other plates, thus generate a higher signal. When the
the beam is aligned at the center of the beam monitor, these plates collect roughly equal amount of
antiprotons, or no particles when the beam is focused.

Second beam monitor

The second beam monitor is placed behind the deflector chamber. It is composed of nine 1 mm
diameter copper wires to collect antiprotons, a holder part to fix them, four rods to hold it on the
position, and pedestal parts to connect the whole components on a feedthrough flange. 5 wires were
placed horizontally and 4 were placed vertically to make a grid with approximately 4 mm gaps, as
shown in Fig. 3.3(a). These wires were soldered onto ring terminal connectors and fixed to the holder
across its aperture with ceramic washers for isolation after cleaning them in an ultra sonic bath. They
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Figure 3.1: (a): A view of the first beam monitor. (b): A cross-sectional view of screwed connection
between the detection plate and the holder part.

Figure 3.2: The location of the installed first beam monitor. The assembly is highlighted in blue.

were connected to the feedthrough flange with two 9-pin D-sub receptacles. The wires from the vertical
lines and the wires from the horizontal lines were connected to different receptacles on the flange.

The wire holder was enclosed with 2 holder parts. These parts aim to protect the section of
copper wires, which does not compose the detection grid, from the antiproton beam. The metal parts
described above other than the copper wires were made from stainless steel 316L to reduce outgassing
in the vacuum. For the same reason, specialized solder made from Tin, Silver and Copper was used
for soldering.

To avoid the loss on the beam monitor when it is not needed and to adjust its position, the assembled
beam monitor was installed on the beamline with a linear shift bellow (Hositrad HOBLT45S-02), which
is able to adjust the length of the bellow by a screw.(Fig. 3.3(c))

Third beam monitor

The third beam monitor is located in the inlet chamber, the first vacuum chamber inside the STEP
frame. Compared to the second beam monitor, this beam monitor has basically the same design, but
it has nine copper bars with 4 mm width instead of copper wires. These wires were placed on the
holder part with 7 mm intervals.
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Figure 3.3: (a): A grid composed of copper wires. (b): The assembly of the second beam monitor.
(c): The location of installation.

Figure 3.4: (a): The grid of the third beam monitor composed of copper strips. (b): The location of
installation.

Fourth beam monitor

The fourth beam monitor is located at the entrance of the trap chamber, where the end of the differ-
ential pumping section is connected. There is a printed circuit board, which has aperture on its center
and four bare copper planes surrounding the aperture, on the flange of the trap chamber. The copper
planes work as detector plates and the charge is transmitted via wires to the feedthrough flange with
a 9-pin D-sub connector, which is attached on the inlet chamber.

All of the beam monitors described above are connected to a feedthrough flange with D-sub 9-pin
connectors for readout. To protect the weak signal of the collected charge that is typically a few
millions elementary charges from external noise and crosstalks between neighboring channels, interface
boxes, which convert the connector from D-sub to BNC, were placed on each flange, and the signal
was transmitted via coaxial cables.

3.1.2 Electronics

As a cost-effective solution to read out signals on multiple channels, it was planned to read the signals
by Arduino. Arduino Due has 12 analog input pins which can read an analog signal in a range from 0
V to 3.3 V quantized in 1024 steps.
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Figure 3.5: (a): Cross sectional view in the direction of the normal of cut plane. (b): An angled view
of (a). The green colored component is the substrate of the fourth beam monitor, and brown planes
on it is the detection plates made of copper planes.

Considering that the output from the beam monitor is a small charge signal and Arduino Due has
sample rate of around 30 kHz (see appendix), a signal processing electronic circuit that amplify and
prolong the charge signal is required.
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Figure 3.6: The whole diagram of the signal processing circuit.

The signal processing circuit was designed to have these functions. The diagram of the circuit is
shown in figure 3.6. The circuit can be divided into four segments that each of them has one operational
amplifier.

The first segment of the circuit, which is referred as the charge integrator here, aims to convert
charge into a voltage pulse. It has a capacitor (Cin) and a grounded resistor (RGND) at its input so
that the input current pulse is converted into a voltage pulse and the accumulated charges on the input
line are discharged. When the total amount of the input charge is Qin, the coupling capacitor Cin will
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cause the voltage Vp

Vp =
Qin

Cin
. (3.1)

The following op amp (LMV796, Texas Instruments) with feedback resistance and capacitance
(RU1FB, CU1FB) amplifies the converted voltage pulse. Theoretically, when an AC current Iin(ω) =
exp(−iωt) is put into the circuit and assuming the op amp is ideal, the output Vout(ω) is calculated as

Vout(ω) = −Iin(ω)
(

1

RU1FB
− iωCU1FB

)−1

. (3.2)

Therefore the gain of the circuit G(ω) at the frequency ω is

G(ω) =

(
1

R2
U1FB

+ (ωCU1FB)
2

)− 1
2

(3.3)

and

G(ω) =
1

ωCU1FB
(3.4)

for high frequency ω and high RU1FB.
A low-pass and high-pass filters (LPF and HPF) are placed following this segment to reduce noise.

The second segment is an ordinary inverting amplifier circuit using same op amp as the first
segment. It amplifies the voltage pulse to a level high enough to activate the peak tracker circuit
following this segment. Behind this segment, a SMA connector as intermediate readout for debugging
and board evaluation, and resistors for impedance matching are placed.

The third segment is a peak tracker circuit, which detects and holds the peak of the input signal
to output a longer pulse readable by the Arduino. When a pulse is put into this circuit, the output
of the op amp (MCP661, Microchip Technology) follows the input and charges the capacitor placed
beyond a diode (1N5711). After the input pulse ramps down, the diode prevents the voltage behind it
from declining, while the grounded resistor placed in parallel with the capacitor discharges it slowly.
The circuit is followed by the LPF and HPF optimized for longer pulses.

The final stage of the circuit is a non-inverting amplifier circuit using an op amp TLV 9151 by
Texas Instruments. Its aim is to adjust the amplitude of the output signal in the range of 0V to 3.3V,
which is the acceptable range of voltage of analog read by Arduino.

The op amps in the first three stages are supplied with bipolar voltages of ±2.5V, and the last op
amp is driven by voltages of ±3.3V.

3.2 Simulation

Preceding the production of a test board for evaluation, the simulation of the circuit and optimization
of the parameters were implemented. The simulation took place using PSpice for TI, the software
provided by Texas Instruments and based on PSPICE.

3.2.1 Input

A bunch of antiprotons ejected from ELENA typically includes 107 antiprotons. When the beam
diameter is 10 mm, which can be detected by multiple wires and the position can be estimated by the
difference of the signal intensity, and antiprotons are spread uniformly, a wire with 1 mm diameter of
the second beam monitor will be collided by approximately 1.2× 106 antiprotons at maximum, which
is equal to 1.9 × 10−13 C. The collision of particles with energy of 100 keV on a metal surface will
cause the emission of secondary electrons, which leads to positive charges on the metal part. In the
case of the collision of antiprotons, also the annihilation of antiprotons inside the copper wire will be
another cause of the secondary electron emission. Although the number of emitted secondary electrons
from a collision of a particle is not known well, I assumed that a collision of one antiproton causes two
emitted secondary electrons and the detector part obtains the same amount of charges of that of the
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(a) The voltage waveforms of input and output
of charge integrator when Cin = 10 pF, RGND =
10MΩ, CU1FB = 10 pF, RU1FB = 10MΩ

(b) Multiple waveforms of input and output with swept
Cin from 1pF to 1 nF

Figure 3.7: Typical input and output and results with Cin sweeping

colliding antiprotons to estimate the signal strength. The simulations and optimization below took
place under this assumption. Since the length of a bunch is expected to be 100 to 200 ns, a typical
input is defined as a current pulse that has the rise and fall time of 100 ns, and the peak current is
−2µA. The simulations discussed below took place using this input unless mentioned especially.

3.2.2 Charge integrator

At first, a simulation around the charge integrator with the parameters of Cin = 10 pF, RGND =
10MΩ, CU1FB = 10 pF, RU1FB = 10MΩ was implemented. As shown in fig. 3.7, the result showed that
the input current pulse induces a negative voltage pulse which has −20mV peak and 30µs FWHM
(fig. 3.7(a)) and the charge integrator transmits the signal resulting in a positive voltage pulse output
with the same peak height and τout = 70 µs FWHM (fig. 3.7(b)). A simulation with sweep of Cin from
1pF to 1 nF followed it to define the coupling between the input and the charge amplifier. Because
of the relation between a voltage applied on a capacitor and its charges V = Q/C, the peak voltage
of the input pulse is proportional to the inverse of the input capacitance Cin, and a larger grounded
resistor causes longer discharging of the collected charge, thus the longer pulse. On the other hand, it
was shown that the difference in Cin does not affect the intensity of the output signal from the charge
integrator.

Following them, the simulations with the sweeping of the feedback capacitor and resistor were
implemented. It resulted in the peak height of the output voltage being inversely proportional to the
feedback capacitance (fig. 3.8a,3.8b), which validates the theoretical expectation Vout = −Qin/CU1FB.
The larger feedback resistance led to a longer output pulse, while both of the feedback resistance and
capacitance did not affect the shape of the input voltage pulse.

The cutoff frequency of the HPF and LPF is determined as fc = 1/2πRC, where R and C are the
resistance and capacitance composing the filter. The parameters of the filters are determined to pass
the frequency 1/τout = 14 kHz characterizing the output signal of the charge integrator.

RLPF1 = 1kΩ

CLPF1 = 47pF

RHPF1 = 100 kΩ

CHPF1 = 1nF

Fig. 3.9b shows the comparison of the waveforms of the input and output of the filters. The peak
height of the output signal was about 90% of that of the input signal, while the pulse length of the
output was shorter by a factor of 4 than the input signal. Fig. 3.9a shows the frequency response
of the filters and the frequency spectrum of the input and output signals of the filters from 1 kHz to
10MHz. The filters transmit 90% of the input amplitude for the frequencies from 100 kHz to 1MHz.
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(a) The voltage waveforms of the input and the
output of the charge integrator at each CU1FB

from 1pF to 1 nF.

(b) The dependency of the peak voltage of the out-
put signal from the charge integrator on CU1FB,
from 1pF to 1 nF.

(c) The voltage waveforms of the input and the
output at each RU1FB from 1 kΩ to 10MΩ.

Figure 3.8: Results of simulation with sweeping of CU1FB and RU1FB

(a) Frequency response of the combination of the HPF
and LPF (green). Sine waves of 20mV amplitude was
put into the filters at the each frequency. The vertical
axis is the amplitude of the output wave. Blue and
orange lines are the frequency spectrum of the input
and output signal of the filters.

(b) Comparison of input and output waveforms of the
filter when the input current pulse of 2 µA is put into
the charge integrator.

Figure 3.9: The results of simulations around the filters

The Fourier spectrum of the input signal has higher amplitudes at lower frequencies below 10 kHz, and
the components in the range of the frequency are suppressed by the filter, which is supposed to be the
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cause of the shorter output pulse.

3.2.3 Peak tracker circuit

(a) The waveform of the input and output of the peak
tracker circuit.

(b) The waveforms of each node around the peak
tracker. The waveform of diode cathode is not visi-
ble because it is almost identical to that of U3 in−

Figure 3.10: The results of the simulation of the peak tracker circuit.

(a) The waveforms of the output of the peak tracker
with various RD value

(b) The dependency of the FWHM of the output pulse
on RD

(c) The waveforms of the output of the peak
tracker with various CC value

(d) The dependency of the FWHM of the output
pulse on CC

Figure 3.11: The results of simulations with sweeping of RD and CC
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Regarding the Peak tracker circuit, its functionality was checked by simulating it with parameters
of RD = 1MΩ, CC = 100 nF, RU1FB = 100Ω (Fig. 3.10a). It showed that the circuit converted the
input signal to a longer pulse with 5 ms FWHM.

The responses of each nodes around the circuit, two inputs and the output of the op amp (U3),
and the cathode side of the diode, which is also the output of the peak tracker, were also investigated
in a short time window (Fig. 3.10b). It shows that as soon as the input voltage (U3in+) ramps up,
the output of the op amp also ramps up. However, the voltage on the cathode pole of the diode does
not rise immediately because of the non-linear relation between the forward voltage and the forward
current of the diode. The output voltage did not immediately fall even after the voltage of the diode
cathode and the inverting input of the op amp exceeded the non-inverting input. The cause of this
phenomenon may be the phase delay of the op amp because of the large capacitive load CC . As a
result, the voltage on the cathode side of the diode continued to increase over the input voltage level
and reached 40mV, twice the input amplitude.

The influence of each parameter on the output signal was also investigated by sweeping them. A
simulation with sweeping of the discharging resistor RD and the charging capacitor CC resulted in that
the FWHM of the output pulse was proportional to both RD and CC, while it was constant at higher
RD, probably due to the parallel resistivity of the surrounding components. It also showed that too
large CC leads to a decrease of the output signal because the output voltage rises slower to charge up
the large capacitance.

The sweeping of RU3FB from 10Ω to 1MΩ was also implemented. It showed that the peak height
of the output of the peak tracker increased at RU3FB larger than around 1 kΩ. Since it was observed
that the voltage on the IN- pin of the op amp was low and rose slower than the cathode of the diode,
the reason of this effect is supposed to be that the voltage on the IN- pin of the op amp is decreased by
a voltage divider made of the feedback resistor and input impedance of the op amp and the cathode
voltage keeps rising until IN- voltage reaches to IN+ voltage.

The nonlinearity of the response of the peak tracker circuit is a remarkable aspect of it. Because
of the nonlinear VF − IF response of the diode, the output of the peak tracker is not proportional to
its input when it is higher than a certain level. Fig. 3.13 shows the dependency of the output peak
voltage on the input peak voltage. The output voltage is proportional to the input in the range of
Vin < 0.16V, while the slope decreases in the regime beyond the voltage. The input voltage where the
output voltage becomes nonlinear to the input was determined as 0.16V by the fitting of the curve.

To achieve the output pulse with the length of 10ms scale, CC and RD were set to 100 nF and
1MΩ, and RU3FB was set to 100Ω.

(a) The waveforms of the output of the peak tracker
(diode cathode, red) and the IN− pin (U3in−, green)
at varied RU3FB. Although RU3FB was varied from
10Ω to 1MΩ, data points of RU3FB below 1 kΩ were
omitted since they are almost identical

(b) The dependency of the output peak on RU3FB

Figure 3.12: The results of simulations with sweeping of RU3FB. The input is the current pulse with
a 2µA peak defined above.
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Figure 3.13: The dependency of the output of the peak tracker on the input voltage.

3.2.4 1st and 2nd amplifiers and total output

The peak of the final output of the entire circuit is required to be in the range of 0 V to 3.3 V. The
adjustment of the gain of the circuit can be done by modifying the gains of the two amplifiers which
are placed after the charge integrator and the peak tracker, respectively.

Since a linear circuit output makes it easy to estimate the position and shape of the beam, the
nonlinearity of the response of the peak tracker argued above is a main limitation against the gain
of the first amplifier G1. The input peak voltage of the peak tracker needs to be below 0.16V at
maximum in order to achieve the linearity of the output.

Since a bunch of the beam from ELENA contains 107 antiprotons, the maximum input current
would have a peak current of 16µA. Fig. 3.14 shows the dependency of the input to the peak tracker
on RU2FB that determines the gain of the first amplifier. While the input voltage is linear to the gain,
the output is linear at RU2FB ≤ 33 kΩ, where the input of the peak tracker is under 0.16V. Based on
this result, RU2FB was determined as 22 kΩ.

Figure 3.14: The dependency of the output of the peak tracker on the gain of the first amplifier. The
two red dashed lines represent 33 kΩ and 0.16V.
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(a) The top side of the PCB design. The input con-
nectors are placed on the left side and the amplifiers
are placed in-line at each channel. Via holes are placed
along the wire to minimize the influence of the noise.

(b) The bottom side of the PCB design. The connec-
tors for the positive and negative biasing are placed
on the top and bottom sides, respectively. The buffer
capacitors are placed on this side near the pins of the
op amps.

Figure 3.15: The design of the signal processing board.

3.3 PCB design and evaluation

After the simulations above, a printed circuit board (PCB) was designed and built. The beam monitor
has nine channels to transmit the signal at most, so a single PCB is required to have nine independent
channels to amplify the signal. This number of channels also covers two plate-type beam monitors
which have four channels per one.

The designed PCB is a 4-layer board made of FR-4 substrate and 35 µm copper layers with
152mm × 140mm size. The wire patterns and components to transmit the signal were placed on
the top side of the board linearly to avoid producing a parasitic inductance. The patterns for powering
of the op amps and buffer capacitors connected between power lines and ground were placed on the
bottom side of the board. Two D-sub connectors were placed for the signal input, and a 9-pin header
was placed for the output. Additionally, SMA connectors were placed after the first amplifier for the
intermediate readout.

The evaluation of the board was implemented by putting a voltage signal generated by a function
generator. The waveform of the input signal was set as a pulse that has 200 ns rise time and 20 µs fall
time to imitate the voltage waveform at the input that appeared in the simulations above.

The amplitude of the input signal varied from 0mV to 30mV by 5mV steps, which corresponds
to 0 to approximately 2× 107 antiprotons.

Fig. 3.16a shows the dependency of the amplitudes of the total and intermediate outputs on the
amplitude of the input signal. The amplitude of the intermediate output followed a linear response
matching the results of the simulations, with the gain from the input voltage to the intermediate
output of GIM = VIM/VIN = 23.2. Although the total output was also linear to the input amplitude
with the total gain of Gtot = Vtot/VIN = 203.1 at the input voltage below 11mV , it was lower than
the linear response at the input higher than 11mV. The response of the total output was fitted by a
line function

Vtot(VIN)[mV] = 99.0VIN + 1.050× 103 [mV]. (3.5)

Although the shift from the linear output can cause errors on the estimation of the position and
the spread of the beam, no correction was done for the estimation of the beam profile discussed above.
A correction for this shift can be achieved by approximating the total output by two lines. The gain of
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the first amplifier can be set lower to use the lower range of the input for the peak tracker. The gain
of the second amplifier needs to be increased to compensate the lower output from the peak tracker.

The tests of crosstalk produced by adjacent channels were also implemented. In these tests the
function generator was connected to channel 1, and voltage signals from 10mV to 50mV peak voltage
were input by 10mV steps. The neighboring channels of the input channel, channel 2 to 5, were mea-
sured by the oscilloscope. The results (Fig. 3.16b) shows that the signals induced on the neighboring
channels slightly rise as the input signal gets higher, but they are below the level of 10mV compared
to 3.3V for the full output range.

(a) The plot of the amplitudes of intermediate and to-
tal output. The dashed lines are the simulation results.

(b) The amplitudes of each neighboring channel at in-
put voltage of 10 to 50 mV.

3.4 Software

The software for reading the amplitude of the signal from the beam monitors is described here.
The Arduino Due has 12 pins (A0 to A11) that can read voltage analogically. Nine of them (A1 to

A9) are connected to the output pins of the signal processing board, and one of them is connected to
a trigger source.

Arduino waits for a trigger from the source by recursively reading the voltage on the A0 pin in the
loop structure of its code. Once the voltage on the pin exceeds 1V, it starts reading the voltages on
A1 to A9. In this phase, the voltages on A1 to A9 are read in order, and it is iterated 1000 times. The
measured values are stored in an array variable as waveforms, and the maximum value of each channel
is extracted from the array. Both the maximum values and waveforms are transmitted to a computer
connected to the Arduino.

The data sent from the Arduino are displayed and saved by a LabVIEW program running on the
computer. It waits for the data by checking if there are bytes at the port continuously, and receives
all of the data.

1 int trig = A0;

2 int ai1 = A1;

3 int ai2 = A2;

4 int ai3 = A3;

5 int ai4 = A4;

6 int ai5 = A5;

7 int ai6 = A6;

8 int ai7 = A7;

9 int ai8 = A8;

10 int ai9 = A9;

11

12 float value = 0;

13 int num_channels = 9;

14 int iter = 1000;

15

16 void setup() {

17 SerialUSB.begin (115200); // Initialize serial communication

18 SerialUSB.setTimeout (5000);
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19 // SerialUSB.println (" serial setup ");

20 }

21

22 void loop() {

23 value = analogRead(trig); // Read the analog input

24 short valuearray[num_channels ][iter];

25 if (value >= 512/3.3) {

26 for (int n = 0; n <= iter -1; n++){

27 for (int i = 0; i <= num_channels -1; i++){

28 value = analogRead (55 + i);

29 valuearray[i][n] = value;

30 }

31 }

32 String delimited_string = "";

33 float Maxvollst[num_channels ];

34 for (int i = 0; i <= num_channels -1; i++){

35 float Maxvalue = findMax(valuearray[i], iter);

36 Maxvollst[i] = Maxvalue /1023 *3.3;

37 if(i<num_channels -1){

38 delimited_string = delimited_string + Maxvollst[i] + ",";

39 }else{

40 delimited_string = delimited_string + Maxvollst[i];

41 }

42 }

43 SerialUSB.println(delimited_string);

44

45 for(int i = 0; i < num_channels; i++){

46 delimited_string = "";

47 for (int n = 0; n< iter; n++){

48 if(n < iter -1){

49 delimited_string = delimited_string + valuearray[i][n] +",";

50 }else{

51 delimited_string = delimited_string + valuearray[i][n];

52 }

53 }

54 SerialUSB.println(delimited_string);

55 delimited_string = "";

56 }

57 }

58 }

59

60 float findMax(short arr[], int size) {

61 float maxVal = arr [0];

62 for (int i = 1; i < size; i++) {

63 if (arr[i] > maxVal) {

64 maxVal = arr[i];

65 }

66 }

67 return maxVal;

68 }

Listing 1: Arduino code

3.5 Commissioning of the beam monitors

The signal processing PCB and Arduino board were placed in a rack mount case sized 88mm ×
483mm× 250mm. As auxiliary boards, voltage distributor boards and signal swapper boards are also
placed inside the case. The voltage distributor board is designed to distribute the voltage input from
a power supply to each channel on the signal processing board and has terminal blocks for input and
9 pin connectors for output. Its inputs are connected to BNC adapters placed on the front panel of
the case, and the outputs are connected to the power supply pins of the signal processing board by
ribbon cables. The signal swapper board is used to change the order of the pins of D-sub connectors
to that of feedthrough flange of the beam monitors.

The front panel of the electronics case has 4 BNC adapters for the power supply that are biased
±2.5V,±3.3V respectively and 2 D-sub connectors to connect to the beam monitors. There is also an
aperture to insert the cable from a computer to the Arduino board. A DC power supply was connected
to the BNC adapters, and the D-sub connectors for signal input were connected to the feedthrough
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flange of the second beam monitor by coaxial cables soldered onto the D-sub connectors channel by
channel.

Additionally, 2 signal processing boards were ordered and placed in the second electronics case.
The inputs of the signal processing boards were changed from D-sub connectors to bare pads on which
wires were soldered directly, and the D-sub connectors on the front panel of the case were also changed
to 9 BNC connectors.

The power supply used above was connected to this box, and BNC connectors for inputs were
connected to the remaining beam monitors via interface boxes that has D-sub and BNC connectors
and are mounted on each feedthrough flange.

As a trigger source for the Arduino boards, a delay generator (Stanford Research Systems, DG645),
which receives a trigger timed of the bunch ejection from ELENA and generates pulses with controlled
delay, was connected, while the other outputs of the DG645 triggered also other injection-related
components.

3.6 Measurements using the beams from ELENA

3.6.1 Calibration of beam monitors

At first, the calibration of the beam monitors was attempted using the antiproton beam from ELENA.
To this end, the beam was scanned on the first beam monitor by the steerer located on the transfer

line from ELENA to the BASE-STEP experimental zone to direct all antiprotons onto a single detection
plate.

The beam steerer has 2 sets of bipolar electrodes to bend the beam horizontally and vertically, and
2 sets of quadrupole electrodes to focus the beam in the horizontal and vertical directions. For the
scanning on the first beam monitor, the vertical bipolar electrodes were used. At first, the beam was
adjusted to the near-centered position and steered gradually to the detection plate.

(a) The amplitudes of intermediate and total output
of the first beam monitor.

(b) The amplitudes normalized by the beam intensity

Figure 3.17: The results of scanning on the first beam monitor. The horizontal axis is the value of
steering system provided by CERN. A unit of the horizontal axis corresponds to approximately 101V
of the voltage of the steerer.

Fig. 3.17 shows the intermediate and total outputs from the plate that the beam was directed. As
the beam steered to the detection plate, the amplitude of the total output increased and saturated at
3.3V, while the intermediate output amplitude also rose and stabilized around 1.3V within a certain
range of the steering setting. The plot of amplitudes normalized by the intensity of the antiproton
beam also showed stabilization around 0.10V per 1 million antiprotons. By taking the last 7 data
points, the normalized amplitude of the intermediate output is concluded to be 0.102(3)V per 1
million antiprotons. Using the gain of the intermediate output GIM = 23.2 and the ratio of the input
voltage to the input charge VIN/QIN = 1.6mV/(106p̄), the input charge when 1 million antiprotons are
caught by a detector is QIN = 2.7 × 106e. This means that a collision of an antiproton on a detector
plate causes the emission of the 3.7 secondary electrons on average.
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Amplitude (V) Beam intensity (×106e) Normalized amplitude (V/106e)
1.32 13.37 0.099
1.34 13.16 0.102
1.34 12.52 0.107
1.34 12.71 0.105
1.34 12.94 0.104
1.28 12.85 0.100
1.24 12.55 0.099

Table 3.1: The amplitudes and beam intensity of the last 7 data points

Although the total output amplitude gets saturated for the entire beam, the calibration of the
total output can be done by using the relation between the intermediate output and the total output.
The total output as a function of the intermediate output amplitude Vtot(VIM) can be obtained by
Gtot/GIM for the lower range of the input voltage where both of the outputs are linear to the input,
and substituting VIM = GIMVIN into the function Vtot(VIN) (fig. 3.5)

3.6.2 Calibration with the H− ion beam

The measurement using the H− ion beam from ELENA with the same configuration as above was
also done, and the results are shown in Fig. 3.18. Because the intensity of the H− beam has a large
fluctuation, 5 beam shots were taken per one setting of the steerer.

Figure 3.18: The signal amplitudes of H− beam normalized by the beam intensity

Fig. 3.18 shows the amplitudes normalized by beam intensity. While the amplitudes similar de-
pendency on the steerer setting, it yielded lower signal than the case of the antiproton beam. The
normalized amplitudes at the steering setting at which the total output is maximum are 0.28(3)V/106e
for the total output and 3.6(1) × 10mV/106e for the intermediate output. As well as the antiproton
beam, the input charge when 1 million H− ions hit on a detector can be calculated as

QIN,H− = 9.6(3)× 105e, (3.6)

which means 1.96 secondary electrons per collision of a H− ion. The difference in the rate of the number
of the secondary electrons implies a considerable contribution by the annihilation of the antiprotons
to the amount of the secondary electron emission.

3.7 Measurements during beam steering

For the goal of injecting into and catching antiprotons inside the BASE-STEP trap, steering and
focusing of the beam are needed. The beam monitors are required to be able to estimate the position
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and diameter of the beam.
To demonstrate the estimation of the beam profile, the beam scanning on the third beam monitor

was implemented.
The beamline in the STEP experimental area has the deflector chamber that bends the beam from

vertical to horizontal direction and the ZQNA chamber that can steer and focus the beam vertically
and horizontally. The third beam monitor is located in the inlet chamber inside the STEP trap frame,
and has 9 copper bars with 4 mm width composing a grid. In this measurement, the ZQNA horizontal
steerer was used because the vertical copper bars are placed facing the upstream side and they could
block the detection by the horizontal bars placed on the downstream side. The electrodes of the ZQNA
chamber were applied with voltage by 100V steps up to ±1500V. In addition to the total output read
by the Arduino board, the intermediate output ports of 3 copper bars among 4 vertical bars were
connected to a oscilloscope to read the intermediate signals.

Figure 3.19: The signal during horizontal scanning on Beam monitor 3.

Fig. 3.19 shows the change of the signal amplitudes during the beam scanning in the horizontal
direction. The amplitudes of vertical copper strips showed changes as the voltage of the steerer changed.
The position and width of the beam can be estimated by fitting of gaussian on the amplitudes of
channels V1 to V4 at each steerer condition.

Figure 3.20: The optimized parameters of gaussian fitting on the amplitudes of vertical channels at
each condition.

Fig. 3.20 shows optimized parameters of gaussian fitting on the amplitudes of vertical channels at
each steerer condition. The fitting failed to converge at some condition because of the insufficient data
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points. The optimized µ that means the position of the center of the beam shifts with the increase of
the voltage at the steerer, while there are some plateaus where µ shifts less due to the saturation of
amplitudes. The rate of shift of the beam against the voltage was determined to be 5.5× 10−3 mm/V
by fitting a line to the result. The beam width σ was optimized in a range of 2 to 4mm

The beam shape can be estimated by another way. The amplitude can be expressed as a definite
integral of the gaussian in the interval [−2, 2] that represents the copper strip:

Vout =

∫ 2

−2

dx
A√
2πσ

exp[− (x(Vsteer)− µ)2

2σ2
] (3.7)

where A is the scale factor of the signal, µ is the position of the copper strip relative to the center
of the beam monitor, and x(Vsteer) denotes the position of the beam, as a function of the voltage of
the steerer. x(Vsteer) can be written as x(Vsteer) = 5.53 × 10−3Vsteer + 1.588 using the result of the
analysis above.

(a) Result of V2 channel. (b) Result of V3 channel.

Figure 3.21: The amplitudes of intermediate output of V2 and V3 and fitting curve.

This function was fitted to the intermediate output of the channel V2 and V3, which showed their
rises, peaks, and falls in the window of the steering voltage. Fig. 3.21 shows the amplitudes of channel
V2 and V3 and their fitted curves. The optimized σ converged around 3mm at both channels, which
is also consistent with the gaussian fitting above. The optimized µ also converged to the position of
copper strips with errors up to 0.5mm.

3.8 Conclusion

As a conclusion, the developed electronics enabled the amplification of the charge of a 106e level
produced by the collision of the antiprotons and H− ions to voltage pulses of a few volts. The
amplification circuit yielded the linear response in the range of lower inputs, though the output shifted
lower in the higher range. This shift can be removed by adjusting the gain of the amplifiers to use
only the lower range.

The calibration of the beam monitor revealed the difference in the sensitivity of the detector to the
antiproton and H− ion.

The new beam monitors composed of the detector grid successfully worked enabling the estimation
of the position and the shape of the beam with a error of a few millimeters. The main cause of the
error is the saturation of the signal due to the high gain of the circuit. The optimized gain will improve
the accuracy of the estimation. Also a denser grid will contribute to less error in the gaussian fitting
for the profile estimation. The data from the calibration will enable the estimation of the intensity of
the beam, not only the beam position and the shape.
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4 Simulations of the degrader foil

The antiproton beams supplied from ELENA have 100 keV energy, and are transmitted to in front of
the trap without losing the energy. Deceleration of antiprotons to the energy of a few keV is required
to capture them by high-voltage electrodes placed inside the trap. Foils made of BoPET (Biaxially
oriented polyethylene terephthalate), degrader foils, have been utilized for the deceleration of the
particles in BASE. The detail of the simulations for the deceleration by degrader foils using FLUKA,
a generic Monte Carlo simulator, is described in this section.

4.1 Deceleration of an antiproton beam using a degrader foil

A charged particle moving in a material undergoes deceleration due to elastic and inelastic scattering
with electrons and nucleus of the material. Energy lost within unit length dE

dx is called stopping power
and is denoted as S(E), where E is the energy of the projected particle. There are mainly two kinds of
contributions to the stopping power [44]. One is the inelastic scattering of the projectile with electrons
of the target material, which causes energy loss of the projectile. The other is the elastic scattering with
the nucleus of target atoms, which leads to diversion of the projectile and less energy loss compared
to the former factor. The stopping power can be decomposed as S(E) = Se(E) + Sn(E).

Although the stopping power for protons in various matters are measured and known, that for
antiprotons are less known because of fewer measurements data and the difference in the stopping power
between positively and negatively charged particles, which is known as Barkas effect [?]. According to
the Bethe’s theory, it is derived that the stopping power of ion in a matter is proportional to the square
of the charge of the projectile Z2

1 [?]. However, a correction term proportional to Z3
1 was added there

to describe the difference of the stopping power of alpha particles from the theory. The Barkas effect
causes a significant difference in the stopping powers for protons and antiprotons. There is a difference
of a factor of 2 between proton and antiproton in the energy range below a few MeV. The difference
comes from the polarisation of the material around the particle. The proton attracts electrons and
experiences a slightly higher effective electron density, whereas it is the opposite for antiprotons. Thus
the stopping power curve for antiprotons is needed to simulate the deceleration of them using degrader
foils.

4.2 The principle of a Monte Carlo simulation.

FLUKA, which was used for the simulations for deceleration of antiprotons using degrader foils, is
a generic Monte Carlo simulator [45, ?, ?]. A Monte Carlo simulation is a method to numerically
simulate physical phenomena using random numbers [46].

To configure the Monte Carlo radiation transport simulation, the cross-section of each interaction
is needed. In the case of the ion transport in a matter, the cross-sections of the elastic scattering
σel(E) and the inelastic scattering σin(E) are required. Then mean free path λ, which is the average
path length that the projected particle can travel without any interaction, can be determined as below
[47].

λ =
1

N(σel + σin)
(4.1)

where N is the number density of the atoms of the target material.
As the first step of the ion transport, a primary ion particle is projected from the given initial

position with the initial energy. When the particle reaches the surface of the target material, the
sampling of the path length takes place. Assuming that the scattering during the travel of the particle
follows the Poisson distribution, the probability distribution function of interaction at the path length
s, p(s) is expressed as

p(s)ds =
1

λ
exp(− s

λ
) ds. (4.2)
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To determine the path length in this step, the integrated p.d.f is utilized.

P (s) =

∫ s

0

p(s′)ds′ (4.3)

=
1

λ

∫ s

0

exp(−s
′

λ
) ds′ (4.4)

= 1− exp(− s

λ
) (4.5)

Then, a random number generator produces µ that uniformly distributes in the interval [0, 1), and
P (s) is put as equal to µ.

µ = P (s) = 1− exp(− s

λ
) (4.6)

s that satisfies the equation above is taken as the path length of the particle in this step.
The step after determining the step length is to determine the type of interactions. The probability

of the inelastic scattering is given as

pin =
σin

σin + σel
(4.7)

An interval [0, 1) can be separated into [0, pin) and [pin, 1) using pin above. The second random number
µ2 ∈ [0, 1) is generated and the program checks which intervals µ2 is in. The interaction is identified
according to which interval contains µ2.

As the next step, the scattered angle and energy loss due to the interaction are sampled. In the
case of an inelastic scattering, the cross-section of the scattering of the ion with energy E with a energy
loss W is

σin(E,W ) =
dσin(E)

dW
(4.8)

Then the integrated probability distribution function is derived as

P (E,W ) =
1

σin(E)

∫ W

0

dw
dσin(E)

dw
(4.9)

(4.10)

As well as the path length sampling described above, a new random number µ3 ∈ [0, 1) is generated
and the loss energy W which satisfies

µ3 = P (E,W ) (4.11)

is sampled.
Similarly, the cross-section and cumulative probability distribution function of the scattering with

scattering angle Ω can be defined as

σin(E,W,Ω) =
dσin(E,W )

dΩ
(4.12)

and

P (E,W,Ω) =
1

σin(E,W )

∫ Ω

0

dΩ′σin(E,W,Ω
′) (4.13)

The scattering angle Ω can be sampled by generating a random number µ4 and putting µ4 = P (E,W,Ω).
If the lost energy W is large enough to ionize an electron of the target atom, the program generate a
secondary electron for the next step.

Also in the case of the elastic scattering, the scattering angle can be sampled by the same way as
the inelastic scattering.

The processes above are repeated until all of primary and secondary particles lose their energy and
get caught in the matter, or get out of the geometry.

To get lower statistical errors, the whole processes above is repeated usually 1,000 times or more.

4.3 The settings of the simulation in FLUKA

The simulations in FLUKA were configured using FLAIR3 [48], the graphical interface of FLUKA.
Here the detailed configuration of the simulation is described.
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Beam configuration

The profile of the input beam is configured in the first field. The antiproton was selected as the
particle and the beam energy was set to 100 keV. Although the spread of the beam in the physical
and momentum space can be configured, both of them were set to zero. The beam position was set
to the point (0,0,-5). These settings mean that in each attempt one antiproton is projected with the
kinetic energy of 100 keV from the point.

Electromagnetic field

Since the degrader foil is located inside the trap chamber, which is placed in the superconducting
magnet, there is a magnetic field of 1T when the catching of antiprotons is attempted. FLUKA is
capable of applying an electromagnetic field and 1T field was configured to be applied over the entire
geometry. However, since the cyclotron frequency of antiproton under 1T field is about 3 × 1010 Hz,
and 100 keV antiprotons penetrate the degrader foil with 2 µm thickness in 5 × 10−13 s, the influence
of the magnetic field on the trajectory of the antiprotons inside the foil is expected to be limited.

Geometry

In the geometry configuration, several domains are configured to represent some kinds of foils we have
as options. The descriptions for the foils are below:

• Foil A (1760 nm): A Mylar foil with 1700 nm that is coated with 30 nm aluminum layer on both
sides.

• Foil B (1800 nm): A stack of two Mylar foils with 900 nm thickness. This foil is used in the
BASE main experiment.

• Foil C (1850 nm): A stack of two foils. One is 900 nm Mylar and the other is 900 nm Mylar with
25 nm Al coat on both sides.

• Foil D (1900 nm): A stack of foils same as foil C but with 50 nm Al.

• Foil E (1950 nm): A stack of foils same as foil C but with 75 nm Al.

• Foil F (1960 nm): One Mylar foil with 1900 nm thickness with 30 nm Al layer on both sides.

The 1 cm × 1 cm foil was built around the origin in each condition. Regarding the foils C, D, and
E, the foils were placed facing the Al coated side to the initial point of the beam. A domain shaped as
sphere with 100 cm diameter surrounding the whole geometry of the foil was placed, and two additional
domains with the same cross section as the foil and 1 cm thickness were defined next to the upstream
and downstream sides of the foil, respectively, to define the detectors to acquire the profile of the
penetrating beam.

Material

Materials, aluminum and Mylar were assigned to each domain configured above. The domain, which is
a sphere with 100 cm diameter surrounding the foil, was assigned as vacuum. The stopping power table
is defined for each material in FLUKA, however the stopping power of Mylar is too high compared to
the previous simulations and measurements and most of antiprotons did not penetrate the foil with
this stopping power while the previous studies show that antiprotons penetrate with 5 keV average
energy. The stopping power was compensated by changing its density from 1.3 g/cm3 to 0.8 g/cm3 to
match the former study.

Detector

For the detector to acquire the profile of the penetrating particles, the USRBDX command, which
acquires the energies and angles of particles going through a boundary between two defined domains,
was used. The boundary of the detector was defined between the last layer of the foil on the downstream
side and the adjacent vacuum domain of the layer.
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Under these configurations, it was set that FLUKA runs simulations of 1 primary particle 100,000
times, and the set of runs is repeated 10 times. The 10 sets of runs were merged after the completion
of the simulation to determine the means and statistical errors of the outcomes.

4.4 Results

Fig. 4.1 shows the single differential distributions of the particle current as functions of the energy
dI(E)/dE. The foil B resulted in outgoing particles with 5.34 keV mean energy and σ = 2.37 keV
deviation by gaussian fitting, which is consistent with the former studies. While the foil A produced
the almost same energy distribution as that of foil B, the thicker foils, C, D, E and F, resulted in lower
mean energy. In the distributions of foil A and F, there were uneven distributions in the range of 2
to 3 keV, and there were higher distributions in low energy regime of under 2 keV, which were not
continuous with the distributions of higher energy in all conditions.

Figure 4.1: Single differential distribution of the particle current as a function of the energy in each
foil condition with 106 primary particles.

fig. 4.2 shows the double differential distributions as functions of particle energy E and solid angles
of the projection Ω. The particles distributed between 0 and 0.2 to 0.4 Sr in every case.

The distributions over the E −Ω space need to be converted into the distributions over the energy
of the axial direction Eaxial and the cyclotron radius rcyc. If a particle penetrates the foil with a solid
angle larger than 0, it travels along a helical trajectory with a cyclotron radius dependent on the energy
in the direction perpendicular to the beam axis due to the magnetic field inside the trap chamber.
The axial energy Eaxial determines if the particle can be captured by the electric field produced by the
electrodes in the trap. The double differential distributions can be converted to the distributions over
energy along the beam axis and the cyclotron radius space by the following processes.

At first, the solid angle Ω needs to be converted to the angle between the beam axis and projected
angle. Steradian (Sr), the unit of a solid angle is defined as

Ω [Sr] =
S

r2
(4.14)

where S is the area of a surface on a sphere surrounded by a cone with the vertex angle Ω and r is the
radius of the sphere. When θ is the angle between the axis and the slanted line, the integral on the
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(a) Foil A (1760 nm) (b) Foil B (1800 nm)

(c) Foil C (1850 nm) (d) Foil D (1900 nm)

(e) Foil E (1950 nm) (f) Foil F (1960 nm)

Figure 4.2: The double differential distribution of currents as functions of energy E and solid angle Ω

surface surrounded by the cone follows:

S(θ) =

∫ θ

0

2πr2 sinϕdϕ (4.15)

= 2πr2(1− cos θ) (4.16)
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Therefore, the angle as a function of the solid angle is

θ(Ω) = arccos

[
1− Ω

2π

]
(4.17)

Using θ(Ω), the cyclotron energy Ecyc, which is the kinetic energy in the direction perpendicular
to the beam axis, can be expressed as

Ecyc =
1

2
mpv

2
cyc (4.18)

=
1

2
mpv

2 sin2 θ(Ω) (4.19)

= E(1− cos2 θ(Ω)) (4.20)

= E

[
1− (1− Ω

2π
)

]
(4.21)

= E

[
Ω

π
−
(

Ω

2π

)2
]

(4.22)

The cyclotron radius rcyc is derived using the equation of motion including the Lorenz force

rcyc =
2E

evcycB
(4.23)

where e is the elementary charge and B is the magnetic flux density in the trap chamber. Assuming
B = 1T as the catching condition and substituting other constants, rcyc can be expressed as a function
of Ecyc as

rcyc [m] = 1.44× 10−2 ×
√
Ecyc[keV] (4.24)

The energy in the direction along the beam axis, Eaxial, can be obtained by subtracting Ecyc from
the total energy E.

Fig. 4.3 shows the number of penetrating particles integrated under the axial energies of 0.5, 1.0,
1.5, and 2.0 keV, dN(rcyc) In every case, the distributions had their peaks at higher rcyc rather than
around 0. Thicker foils resulted in the higher peaks at lower rcyc.

The counts of particles integrated over both Eaxial and rcyc, N(rcyc) are also shown in fig. 4.4.
In the cold extraction, injected particles need to go through an electron cloud trapped around

the center of the trap, which typically has a spread of 1mm, to be cooled to further lower energy.
Therefore, only particles that have rcyc < 1mm can be cooled by the electron cloud and captured.

According to the results, in the cases of foil A and B, the difference in the threshold of Eaxial

resulted in a difference in the amount of particles by up to two orders of magnitude. While with the
catching voltage from 0.5 to 1.0 keV the order of 10 particles can be electron cooled since a bunch of
the beam includes 107 antiprotons, with 2.0 keV, 103 antiprotons are expected to be cooled. Regarding
foils C, D, and E, the increase in the thickness of the foil resulted in the increase of the particles at low
rcyc and also a decrease of the difference between the Eaxial thresholds. In comparison between foils E
and F, the result of the foil F showed lower yields of particles in lower Eaxial threshold conditions.

4.5 Discussion

The results implied some problems in the simulations. The current distribution in energy of the foils A
and F showed an uneven distribution in the range of 2 to 3 keV. The foils A and F have an aluminum
layer on the downstream side. The scattering process in the Aluminum layer in a low energy range
may have caused such an uneven distribution.

Moreover, all of the distributions commonly had higher current in the energy range below 2.0 keV.
This is because of the transport limit, which is the lowest energy at which the transport processes can
be done, set by FLUKA. The transport limit energy can be set as 2.0 keV at lowest for protons and
antiprotons in FLUKA, which means the transport process does not take place for low energy particles
below it. Therefore, particles which were scattered to low energy below 2 keV did not completely get

50



(a) Foil A (narrow y scale) (b) Foil B (narrow y scale)

(c) Foil C (d) Foil D

(e) Foil E (f) Foil F

Figure 4.3: Number of particles per primary integrated under the axial energy of 0.5, 1.0, 1.5, and 2.0
keV as functions of rcyc. Note that the scale of the vertical axis is 10-folds smaller for the plot of foil
A and B.

stopped, accumulated within the energy range, and exhibited the higher yield than the higher energy
range. Compared to the current at a higher energy over 2 keV, it is expected that the current in the
energy range of 0 to 2 keV will be reduced by a factor of 2 to 3 in the case with the transport process
in the lower energy range.

To obtain more precise results, another simulator specialized in the transport and scattering of low
energy particles [49] will be required.

The integrated number of particles N(rcyc) showed that also thinner foils resulted in enough yields
of up to 1,000 at a higher catching voltage, and thicker foils resulted in higher yields with lower catching
voltages.

In the simulations implemented here, the input beam was injected into the center of the foil. In
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(a) Foil A (b) Foil B

(c) Foil C (d) Foil D

(e) Foil E (f) Foil F

Figure 4.4: The particle count of Eaxial < 0.5, 1.0, 1.5, 2.0 keV integrated over rcyc

an actual attempt the beam can be unfocused or shifted on the degrader foil depending on the beam
steering conditions. The profile of the ejecting beam can be obtained by superimposing the results
with an input at a point.
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5 Injection of the antiproton beam into the BASE-STEP trap

Since the commissioning of the antiproton beam, the BASE-STEP team had been working on the beam
steering to align the beam on the trap. The alignment of the beam was done using the beam monitors
described in the section 3 and a scintillator placed in the experimental area. While the beam monitors
measure the beam position, the scintillator detects high energy pions and photons produced by the
annihilation of the antiprotons with the high time resolution, thus it indicates where the antiprotons
hit the wall of the beamline.

Figure 5.1: The scheme for antiproton catching.

Subsequently, the capture of the antiprotons was attempted. To confirm the successful injection
of the antiprotons and to find the optimal catching condition, confinement in a short duration was
attempted. The scheme for the particle confinement is shown in fig. 5.1. The electrode C15, which
is located at the downstream end of the CT, is constantly biased at a negative high voltage to reflect
the particles. The C01 electrode located at the upstream end is ramped from 0V to the negative high
voltage after the bunch passes C01. The high voltage applied at the electrodes at the both ends is
held for a certain duration from 100µs to 100 s. Afterwards, C01 is ramped back to 0V to release
the antiprotons. The annihilation of the released antiprotons is detected by the scintillator, and the
intensity of the signal is observed. This procedure is called ’hot extraction’.

To test the cooling into the harmonic well around C08, a procedure called ”cold extraction” applies
the cooling to a few eV level during the confinement of antiprotons. The cooling of the antiprotons
can be done using an electron cloud accumulated at C08 in advance. The cooled antiprotons settle at
C08 and are ejected to the outside by manipulating voltages on the electrodes.

In this section, the optimization of the catching condition using the hot extraction, the attempts
for cooling of antiprotons, the catching of them and the analysis of the antiproton dip are discussed.

5.1 Hot extraction

Fig. 5.2 shows the connections between the devices used for the catching of antiprotons. The HV
pulse system, beam monitor system, and scintillator system, which are synchronized to the injection of
the antiproton beam, are triggered by the delay generator, which receives trigger pulses from ELENA
at the moment the beam is ejected from the ELENA ring, which is approximately 1ms before the
antiprotons arrive in the experimental zone. The delay generator sends triggers to each system with
an independently set delay. The function generator was set to send two pulses of 100 µs width and
apart for a certain time (storage time), which are triggered by the pulse from the delay generator. It
was removed later and the delay generator directly controlled the HV pulse timing because the function
generator made the burst with a random phase shift when changing the oscillation period of the burst
signal. The voltage on the C01 is ramped up from a negative high voltage to 0V by the high voltage
switch as the output voltage from the function generator ramps up.

53



Figure 5.2: The connections between equipments used for the catching.

5.1.1 HV pulse timing scan

(a) 899µs delay

[t]

(b) 900.93µs delay

Figure 5.3: The waveforms of the scintillator (orange) with different HV pulse delay (899 µs and
900.93µs). The trigger signals for the oscilloscope (blue) are also drawn with the waveforms. There
are negative pulses in the waveform of 899 µs delay while there are only a few pulses in the other one.

At first, the delay of the high voltage pulse on C01 was scanned while observing the intensity
of the scintillator signal. As shown in fig. 5.3, the difference in the delay by a few µs resulted in
a significant difference in the number of the pulses. The amount of the trapped antiprotons during
the hot extraction was numerically evaluated by integrating the amplitude of the scintillator signal.
Fig. 5.4 shows the integrated amplitudes at several time delays in the range of 896 µs to 902µs. Large
amplitudes could be obtained at delay timings in a range of 2 µs. The delay timing for the HV pulse
was set at the timing where the highest signal was obtained for further attempts. Due to the change
of the setting of the triggering system and its instability, this scanning was implemented several times
in a month.

5.1.2 Beam steering

Subsequently, the beam steering using hot extraction was attempted. The steering in the vertical
direction was done using the ZQNA chamber and the deflector chamber placed in the STEP exper-
imental zone. The two-dimensional steering using these devices enables manipulation of both angle
and position of the beam, so that the optimal parameters where the beam goes straight into the trap
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Figure 5.4: The results of the scanning of the delay of the HV pulse with a fitted gaussian line.

chamber can be found. The voltage of the ZQNA chamber was varied from −1850V to −800V by
150V steps, while the voltage of the deflector was varied from 10000V to 10090V by 15V steps.

(a) The integrated amplitudes of vertical beam steer-
ing.

(b) The integrated amplitudes of horizontal beam
steering. The arbitrary unit in the horizontal axis cor-
responds to approximately 100V.

Figure 5.5: The contour plots of the vertical and horizontal beam steering. The white dots are the
data points.

Fig. 5.5a shows a contour plot of the integrated amplitudes of the scintillator during the steering.
High amplitudes are observed at parameters aligned along a line in the parameter space. The param-
eters Vdeflector = 10045V, VZQNA = −1100V yielded especially high signal. The line in the parameter
space is considered as the optimized parameters for either position or angle to reach inside the trap
chamber, and the dependency on the other factor can be seen along the line.

For the horizontal scanning, the voltages applied on the ZQNA chambers, one in the STEP zone and
one placed in front of the handover valve, were varied. The parameters where the higher amplitudes
were observed were selectively investigated.

The plot of the result is displayed in the Fig. 5.5b. Although the dependency indicating that a
higher signal is yielded at the parameters along a line in the parameter space was confirmed, similarly
to the vertical scan, but there was less dependency among the parameters along the line. From the
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simulations by the ELENA staff, we assume that the beam going to the trap is divergent, and it is larger
at the degrader foil than the analysis discussed in the section 3. Therefore, we observe signals without
a strong scaling over a large parameter range. The main limitation would be the small aperture of the
BM1. If it has a larger aperture in the next run, we will be able to focus the beam on the degrader,
allowing us to make the signal more sensitive to the steering parameters, and the clear maximum is
expected.

5.1.3 DEG voltage scan

The degrader foil stage (DEG) can be biased at a certain voltage up to a few hundreds volts. The
dependency of the signal amplitudes on the voltage on the degrader stage was investigated. DEG was
biased at the voltages V = −100, 0, 100, 150V and the storage time scan was done at each condition.

Figure 5.6: The storage time scan at the different DEG voltage settings.

Fig. 5.6 shows the results of the measurements.
Compared to the result at DEG = 0V, both of DEG = 100, 150V resulted in higher signals, while

the condition −100V yielded significantly lower signals. The change of the positive degrader voltage
did not make differences in the amplitudes.

This effect can be explained that the biased electrode of the positively biased DEG pulls back the
antiprotons and the energy distribution shifts to the lower direction, allowing more particles to be
caught by the HV potential. A positively biased DEG also pull forward 100 keV antiprotons into the
degrader, allowing more antiprotons to penetrate the degrader foil. The negatively biased DEG will
cause the opposite effect of above. Since the material of the degrader foil (PET) has high resistivity, a
local charge can be produced by the interaction with antiproton, and remain during the hot extraction.
Such local charges will also cause the similar effects.

5.1.4 Storage time scan

The dependency of the amount of trapped particles on the storage time was investigated. To this end,
hot extractions took place at different storage time settings from 1ms to 100 s. In a few tests, longer
storage times were also investigated and a hot extraction signal was successfully observed for storage
times up to about one hour. The storage time scan over a longer range, up to almost 1 hour, was also
achieved.

The results are shown in fig. 5.7. Each data was fitted by an exponential decay curve with an offset
f(t) = A exp(−t/τ) + b. While the integrated amplitudes in the short and long storage time range
declined linearly with the log x scale and did not fit well with the exponential decay, the peak counts
were well fitted with the exponential decay. The fitted parameters are shown in tab. 5.1.
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(a) Integrated amplitudes and peak counts at different
storage times from 1ms to 100 s. Exponential curves
are fitted to each data points.

(b) Amplitudes and peak counts in longer storage time
range (100ms to 3480 s). The sensitivity of the scintil-
lator is higher than fig. 5.7a due to higher bias voltage.

Figure 5.7: Integrated amplitudes and peak counts at different storage times.The results with shorter
time range (1ms to 100 s) and longer time range (up to about 1 hour) are shown. Exponential decay
curves fitted to each data are also displayed.

Amplitude (short) Amplitude (long) Peak count (short) Peak count (short)
A 8.47 8.10 28.5 14.1
τ 0.137 1.61 6.65 1153.4
b 1.34 3.03 26.3 30.7

Table 5.1: Optimized parameters of exponential decay curves.

The time constant τ differed between the data in the short and long time ranges by 1 or more
orders of magnitude. Therefore, the exponential decay model does not explain the data and the loss
process cannot be explained by a single process with a single decay constant.

5.1.5 C15 voltage scan

When the antiprotons are reflected by the high voltage potential, they can be destabilized because of
the radially pulling electric field formed by the high voltage electrodes. Since we have a lower magnetic
field compared to BASE, our limit in HV is lower.

The voltage on the C15 electrode, which is at the downstream end of the CT, was scanned. In this
measurement, the negative HV on the C01 electrode was fixed at −500V, and the C15 voltage was
varied from −2000V to −500V by 500V steps. The integrated amplitudes at different storage times
(1ms, 10ms, 100ms, 1s, 10s) were measured at the different C15 voltage settings.

The results are shown in fig. 5.8. While the conditions −1000, −1500, −2000V yielded almost the
same dependencies on the storage time, the −500V condition solely yielded higher amplitudes than
other conditions.

5.2 Cold extraction

In a cold extraction attempt, antiprotons are cooled to a few eV level using a technique called sympa-
thetic cooling. Sympathetic cooling uses self-cooling of trapped electrons due to synchrotron radiation.
Electrons trapped inside a Penning trap have much higher oscillation frequencies compared to ions due
to their light mass. In the case of electrons trapped in the BASE-STEP trap with 1T magnetic field,
the modified cyclotron frequency is about ν+ ≃ 28GHz. The time constant of the self-cooling τe is
given by [50]

τe =
3ϵ0mec

3

4πe2ν2+
. (5.1)
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Figure 5.8: The integrated amplitude dependencies on the storage time at different C15 voltage.

Under 1T field, τe ≃ 2.6 s. When the hot antiprotons travel through the cold electrons, the antiprotons
interact with electrons by the Coulomb interaction, and the energy of the antiprotons is transferred to
the electrons and lost by the self-cooling. The time constant of the sympathetic cooling τc is given by
[50][30]

τc = (4πϵ0)
2mp̄me

e4
1

ne lnΛ

(
kBTp̄
mp̄

+
kbTe
me

) 3
2

(5.2)

where lnΛ accounts for the cutoff in the integration over impact parameters due to Debye shielding of
the Coulomb interaction, ne is the number density of electrons, and Tp̄, Te are the temperatures of the
antiprotons and electrons. When the energy of the antiproton is 1 keV and 1012 electrons are cooled
at Te = 10K, the time constant τc is 1× 102 s.

5.2.1 Loading of electron cloud

Electrons used for the sympathetic cooling are injected from the electron gun (e-gun), which is placed
at the downstream end of the trap chamber. The e-gun has a quite thin needle (field emission point,
FEP) to supply electrons by the field emission and an electrode with an aperture in front of FEP to
produce a strong electric field to induce the field emission by a positive high voltage (ACC). When
electrons are loaded, FEP is biased at a voltage of −30V to −60V, and ACC is biased at a positive
high voltage up to around 2 kV. After loading a current for a certain time on the FEP biasing line, an
electron cloud is trapped around the electrode C08 and HV electrodes C01 and C15 are ramped from
0V to the high voltage.

A trapped electron cloud causes a shift of the resonance frequency of the detector circuit. The
evolution of the electron cloud was investigated at various voltage settings of electrodes by observing
the shift of the resonator.

The dependencies of the evolution of the resonator shifts on the trap voltage (C08 voltage),
FEP voltage and ACC voltage were investigated. The voltages of the FEP and ACC were set as
FEP = −40V,ACC = 1950V. The voltage on the C03 and C15 electrodes was set to −200V,−30V,
respectively, so that electrons are reflected at the C03 and electrons that lost their energy by scattering
are trapped at the C08. The C15 voltage was slowly ramped up during the loading process until the
electrons can no longer enter or leave the CT.

Fig. 5.9 shows the results of the scanning. Generally, the frequency shifts produced when electrons
are loaded halve after about 100 s. The scanning of the C08 voltage resulted in that a deeper trap
potential leads to more trapped electrons. The voltage of the FEP point was scanned subsequently.
The scanning of the ACC voltage showed that it does not affect on the frequency shift.
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Figure 5.9: The evolution of the resonator shift in the scanning of each parameter. The scanning of
C08 voltage, FEP voltage and ACC voltage are shown from the top.

5.2.2 Cold extraction

Subsequently, the extraction of trapped antiprotons was attempted. To this end, electrons were loaded
on the trap while the triggering system was turned off, and, after turning the trigger system on,
antiprotons were injected and caught by the HV pulse. After waiting the cooling of antiprotons for
about 2 minutes, antiprotons were transported from C08 electrode to C02 electrode. Antiprotons
trapped at C02 were then ejected from the trap into the degrader foil using electrodes C01 to C03,
and the scintillator signal is measured to detect the annihilation.

As a consequence, despite considerable amount of attempts, we could not observe the annihilation
signal after this cold extraction scheme.

Fig. 5.10 shows the evolution of the resonance frequency during a cold extraction attempt. When
antiprotons were injected into the trap, the resonance frequency jumped to higher by about 250Hz,
which means most of trapped electrons were lost at the injection timing. After about 10 minutes from
the injection, electrons were removed by rf radiation. It removed 10Hz shift of the residual electrons.
The result indicates that most of electrons are lost when antiprotons are injected, and thus it is unable
to cool the antiprotons.

To see the decay of the antiproton signal while they are trapped with electrons, hot extractions
with trapped electrons at different storage times were done. Fig. 5.11 shows integrated scintillator
amplitudes at the storage times of 10ms, 100ms, 1 s, 10 s, normalized by the signal at 10ms storage
time. There was a significant decrease between the data of 100ms and 1 s. Compared to the time
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Figure 5.10: The evolution of The resonance frequency shift during a cold extraction. Red and
blue dashed lines are respectively the timing of antiproton injection and electron kickout. The large
fluctuation starting from t = 1000 s is due to malfunction of the detector caused by a power cut.

constant of the sympathetic cooling by electrons estimated to be about 100 s, the time constant of the
signal decay is quite short. It indicates that stored antiprotons are lost in the storage time of a few
100ms for some reason.

These results shown above imply that there is a significant instability in the confinement of antipro-
tons with electrons and antiprotons are lost in a short time. The detailed mechanism of the antiproton
loss is not understood well, and we concluded that it is difficult to capture antiprotons successfully in
the current settings.

5.3 Alternative catching scheme for antiprotons

Since the catching of antiprotons using the HV electrodes C01 and C15 and electron cooling is difficult,
an alternative catching procedure was attempted. The electrodes from C01 to C03 are mainly used
in this procedure. At first, the trap potential is opened by setting the voltages of C01, C02 and C03
to 0V, −120V, −200V, and the potential depicted by the blue line in fig. 5.12 is formed. When the
antiprotons are injected, C01 voltage is quickly ramped to −200V. At that moment, a potential well
with the depth of a few 10V is formed around the C02 electrode, and a fraction of antiprotons that
match the energy range of the potential well is captured. Subsequently, the potential well is offset to
0V level, and afterwards the captured antiprotons are transported to C08.

The hot extraction with scanning of the HV pulse delay and storage time took place before the
catching trials.

Fig. 5.13 shows the results of the scanning measurements. High amplitudes could be obtained at
delay timings in a range of several 100ms, which is narrower by a factor of 7 compared to the case
of the catching using C01 and C15. The result of the storage time scanning indicated no significant
decay of the signal in the range of 1ms to 10 s.

The delay timing was set to 998.475µs based on the scanning measurements. After the transporta-
tion from C02 to C08, a resonator shift even though no electrons were loaded from the e-gun, which
indicates the existence of an antiproton cloud Subsequently, the cleaning of the contaminant particles
of the trapped particle cloud was applied. The main components of such contaminant particles are
electrons and H− ions. Electrons were removed by applying a rf-drive at 11MHz,−10 dBm which
excites the axial mode of the electrons while ramping the trap voltage down to 1.0V. The excited
electrons were expelled from the antiproton cloud and collected by adjacent potentials to eject them
from the edge afterwards. After the particles including antiprotons and H− ions were tuned on the
resonance of the axial detector, H− ions were selectively removed by a strong drive at their modi-
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Figure 5.11: Caption
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Figure 5.12: The potential during the alternative catching procedure. The blue line is the opened
state, and the red line is the closed state. The image of trap electrodes is together placed on the
graph.

fied cyclotron mode. After the multiple implementations of these cleaning procedures, the dip was
stabilized with a 41.2Hz dip width, which corresponds to 13 antiprotons.

The electron cleaning was occasionally repeated because electrons can be produced by beta decay
on the trap surface and the degrader induced by the beam.

After the storage of antiprotons under 1T field for about 24 hours without particle losses, the
magnetic field was ramped to 136mT to test the trap operation under the transport mode. The low
magnetic field caused the increase of the dip width as shown in fig. 5.15 b, because of the Q-value shift of
the axial detector[51]. The trap was operated by the control system of the on-board controller PC, and
all core equipments were connected to the uninterrupted power supplies on the transportable frame.
Subsequently, the cryostat was disconnected from the cryocooler and the superconducting magnet was
maintained by liquid helium boiling off during the test [34]. The transport test was interrupted because
of ice formed around the heat exchanger in the cryostat. After the interruption of the transport test,
the antiproton cloud was lost due to an operational failure of the power supply. The antiprotons were
stored for 31.7 hours in total.

The second antiproton catching was attempted after the loss of the first antiproton cloud. The
second antiproton cloud was captured, and a dip with 67.2Hz width corresponding to 26 antiprotons
was observed after the cleaning procedures for electrons and H− ions. For this time, SWIFT[9]
cleaning at −15 dBm was additionally applied to excite oscillation mode of other contaminants in a

61



(a) Scanning of the delay timing. A fitted gaussian
curve is drawn with data points.

(b) Scanning of the storage time.

Figure 5.13: The results of hot extraction with the new capturing scheme, with scanning of the delay
timing and storage time. C2 voltage was 0V during these measurements.

ba

Figure 5.14: a. The FFT spectrum of the axial detector of CT. b. The dip width of the antiproton
cloud as a function of time. Colored strips mean the timings of operations of the trap.

broad range of 20 kHz to 400 kHz. After the transport test took place as the first antiproton cloud,
the trap was operated at the long-term storage mode, where the sideband cooling of the magnetron
mode is periodically applied while recording the dip, with the occasional electron cleaning procedures.
The antiproton cloud was stored under this mode for 22.7 hours until it was lost during an electron
cleaning process, and the storage of 41.1 hours without loss was achieved.

The lifetime of the antiprotons trapped in the CT can be estimated using the achieved storage
time. The lossless storage of the first and second antiproton cloud, 13 particles for 31.7 h and 26
antiprotons for 41.1 h, is equivalent to the storage of a single antiproton for the integrated time
Tint =

∫
N(t)dt = 1480 h. An antiproton loss happens due to the annihilation with residual gas

molecules. Since the antiproton loss is a rare event, decay of an antiproton cloud follows the Poisson
distribution P (λ, k)

P (λ, k) =
λke−λ

k!
, λ =

Tint
τ
. (5.3)

where k is the number of annihilation events, and τ is the estimated lifetime of a single trapped
antiproton. The lifetime τ can be estimated at a certain confidence level CL as

τ = − Tint
ln(1− CL)

. (5.4)
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Figure 5.15: a. The FFT spectrum of the axial detector of CT with the dip of the second antiproton
cloud. b. The dip width of the second antiproton cloud as a function of time. Colored strips mean the
timings of operations of the trap.

The estimated lifetime of an antiproton trapped in the STEP apparatus is

τ =

{
1.30× 103 h (CL = 68%)

4.94× 102 h (CL = 95%).
(5.5)

Also the vacuum inside the trap chamber can be estimated using the estimated lifetime of antipro-
tons. Following the approach discussed in [52], the partial pressures of hydrogen atoms, helium atoms,
and hydrogen molecules at the temperature T = 4.2K are estimated as

PH =

{
4.61× 10−16 mbar (CL = 68%)

1.21× 10−15 mbar (CL = 95%)
(5.6)

PHe =

{
1.05× 10−15 mbar (CL = 68%)

2.76× 10−15 mbar (CL = 95%)
(5.7)

PH2
=

{
4.66× 10−16 mbar (CL = 68%)

1.27× 10−15 mbar (CL = 95%)
(5.8)

6 Conclusion

Regarding the development of the beam monitor, the results indicated the successful functioning of
the beam monitors and capability of the estimation of the beam position with an error of a few mm.
Although this precision may not be sufficient to inject the antiproton beam into the narrow entry
of the trap chamber, it is already enough to adjust the beam into the entry of the DPS. Since the
emission rate of the secondary electrons by the collision of an antiproton with the detector surface was
larger than the assumption by a factor of 2 to 3, the total output easily saturated. It can be solved by
decreasing the gain of the signal amplifier circuit. With proper parameters, also it will be possible to
obtain a linear response to the input in the entire range of the output. Avoiding the saturation will
improve the shift of the beam position. Increasing the number of the wires composing the grid will be
useful to adjust the beam into the trap chamber.

Regarding the degrader foil simulation, the distributions of the antiproton current as functions
of the axial energy and the transverse energy could be obtained for several options of degrader foils.
Translating the results, the distributions as functions of the axial energy and the cyclotron radius,
which is useful to evaluate the survival rate of antiprotons from an injection, were also obtained. How-
ever, FLUKA was unable to calculate the transportation of antiprotons with the energy below 2 keV,
therefore the results for the thicker foils were unreliable. More precise results that can be obtained
by a simulation program specialized for the low energy transportation are required to understand the
energy distribution of the decelerated antiprotons. Once the energy distribution of the decelerated
antiprotons is obtained, the electrodynamical simulations of the trajectories of the particles inside the

63



trap potential can be conducted. Such simulations will further help to optimize the conditions for the
catching such as the timing of the high voltage pulse and the potential formed by electrodes.

Through the attempts of the hot extraction, we got a number of useful scanning data to efficiently
optimize the catching. The instability of confinement of antiprotons that was seen during the cold
extraction with normal configuration should be understood to implement more efficient catching in
the future. The more detailed scanning data of the cold extraction will be essential to understand
the mechanism of the antiproton loss, especially the detailed scanning of the storage time. Also the
electrodynamical simulation of the particles inside the trap may help to understand this problem.

Even though there are still problems to deal with, the essential milestone, trapping antiprotons in
a transportable trap for the first time, was achieved. The demonstration of the antiproton transport
will be attempted as the next step by the end of the beam time in the summer of 2026.

A

References
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vacchini, P. Goglov, D.M. Gómez-Coral, J. Gong, C. Goy, V. Grabski, D. Grandi, M. Graziani,
I. Guerri, K.H. Guo, M. Habiby, S. Haino, K.C. Han, Z.H. He, M. Heil, J. Hoffman, T.H. Hsieh,
H. Huang, Z.C. Huang, C. Huh, M. Incagli, M. Ionica, W.Y. Jang, H. Jinchi, S.C. Kang, K. Kan-
ishev, G.N. Kim, K.S. Kim, Th. Kirn, C. Konak, O. Kounina, A. Kounine, V. Koutsenko, M.S.
Krafczyk, G. La Vacca, E. Laudi, G. Laurenti, I. Lazzizzera, A. Lebedev, H.T. Lee, S.C. Lee,
C. Leluc, H.S. Li, J.Q. Li, J.Q. Li, Q. Li, T.X. Li, W. Li, Z.H. Li, Z.Y. Li, S. Lim, C.H. Lin,
P. Lipari, T. Lippert, D. Liu, Hu Liu, S.Q. Lu, Y.S. Lu, K. Luebelsmeyer, F. Luo, J.Z. Luo, S.S.
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