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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 con nes charged particles by static electromagnetic

elds. However, the precision of the measurements is limited by the uctuations in the magnetic
eld 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 con ned
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 di erent thickness and materials were tried to observe the
energy distribution of the penetrating antiprotons. As a consequence, the simulations resulted
in the di erent energy distributions whose mean energies varied from 2keV to 5keV, 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 di erent 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 signi cant instability in trapping
both antiprotons and electrons for more than a few 100 ms.

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

eld 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 ® 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 physicsl]. This symmetry holds in a relativistic
local quantum eld 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 polarityd]. 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 B], 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 K =K [?] 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 con ne charged particles
using static electromagnetic elds. 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 (5 10 °) [10] for the measurement of the g-factor and 16
parts-per-trillion (1 :6 10 1) [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 uctuation of the magnetic
eld around the apparatus which is produced by the accelerator facility [L2]. The Penning trap system
measures the eigenfrequencies of motions of the particle inside the trap, which depend on the magnetic
eld. Therefore, the uctuation of the magnetic eld leads to the uctuation 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 eld
uctuation. 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 con ne 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 202413]. These protons con ned
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 e ciently
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 e ciency 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.



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 [L4]
(i D m) =0 (2.1)

whereD = @ ieA . Also the complex conjugate of2.1, (i D m) =0, satis es the de nition
of the Dirac equation, and it can be rewritten using the charge conjugation transformationC © 2
and the charge conjugate of the wave function ¢ as [L5]

i D m)c=0 (2.2)

The wave function ¢ 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 represents. Such a particle, called an
antiparticle, is predicted to exist in reality on account of the causality [16]. As the rst observation of
an antiparticle, a positron was observed in a cloud chamber in 19321[].

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 eld 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 eld, 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 ag[9

_Ns _ Ng, 18.
BN - N 10 %; (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 gy Was calculated backwards using time evolutions of the abundance2(].

It resulted in the value gy =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 cvg from the power spectrum of the temperature uctuation of the CMB. It yielded the
value cywg =6:160%13 10 10 [22).

Expectation from SM 10 8
BBN measurement | 6:07 0:33 10 %
CMB measurement | 6:160°% 122 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 signi cantly di erent from expected
from the SM. It implies that there is a signi cant di erence in the abundance of matter and antimatter



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 ux 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 insu cient 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 e ect by adding CPT-violating terms with several e ective 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 di erences in the particle properties are found, it indicates
the existence of the CPT-violating e ect. Even Planck-size CPT violation e ect could reproduce a
signi cant 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 di erence between the
masses oK and Ko asjmg, my j=mg, < 1:3 10 18

A precision measurement of the g-factor of electrons and positrons was reported in 19827. It
utilized an apparatus called Penning trap, which is capable of con ning charged particles using static
electromagnetic elds and described in the next section. The ratio of g-factor of electrons and positrons
was obtained asg(e )=g(e")=1+(0:5 2:1) 10 '2, so relative precision of 21 10 2,

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 6 10 ' and 1:5 10 ° [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 con ne charged particles using static electromagnetic elds. 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 con nement of electrons or other charged particles by a
combination of a static quadrupole electric eld and an axial magnetic eld. It was rst 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
di erent kind of trap called the Paul trap that con nes charged particles by a dynamic electric eld[ 2§].

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

U= ax?+ by’+cz®; a;b;c>0 (2.4)

However, such a potential cannot be realized because of the Poisson equatiorlJ = 0, which leads to
a+ b+ c=0. Therefore, the 3-dimensional con nement 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 ofa=2; b= c= 1, which means that a particle is con ned
in the z-axis direction and feels a repulsive potential in the radial direction. A Penning trap provides
the radial direction con nement using an axial magnetic eld B = Boe,. Under this magnetic eld,
a particle escaping in the radial direction and thus moving perpendicularly to the magnetic eld is
forced to move in a radial orbit described in more detail below.



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 eld
and the blue arrow is the magnetic eld.

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

— £ =0 (2.5)
0

o

S 2 %X =1 (2.6)

where ¢ and zy are the lengths that characterize the trap size BQ].

When voltagesUp = Ue U, are applied between the endcaps and the ring electrode, a quadrupole
electric potential ,

U= %(zz2 x? y%);, &= %(z§+ 2) 2.7)

is formed inside the trap. d is called the characteristic trap size representing the size of the trap. An
axial magnetic eld B = (0;0;By) is applied to con ne particles radially.

When a particle with a charge g is con ned in this trap, the equation of motion m¢ = qgr U+ qr_B
can be written as

X=1lcy+ jx (2.8)
1 2
y= loxt+ 2y (2.9)
z=12z ) (2.10)
2 B
!Z:2 z = n:](ljJZO’ ]C:2 C:% (211)

where ! ; is the cyclotron frequency of the con ned particle in a magnetic eld of By, and ! , is the
frequency of the axial oscillation. These equations of motion can be solved as a superposition of three
oscillations

Xt)= +sin(t+t+ )+ sin(l t+ ) (2.12)
y(t)= +cosl+t+ )+ cos( t+ ) (2.13)
z(t) = a;sin(! ;t+ ) (2.14)



where ;a, are the amplitudes of each oscillation,! ., are the frequencies of the oscillations, and

-, 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 ! , is called the axial motion,
the radial motion with the frequency ! . is called the modied cyclotron motion, which is often
abbreviated as the cyclotron motion, and the other radial motion with the frequency! is called the
magnetron motion. An example of the trajectory is shown in g. 2.2,

—— Particle trajectory

—— Magnetron mortion

—— Magnetron + Axial motion
Modified cyclotron motion

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 oscillatiorB()].

Was
E, = qdz z (2.15)
m 12
=___ 12 iz
E 5 ! 5 (2.16)
The eigenfrequencies ., are written as
r Sl
_ _ qlb
1,=2 , i (2.17)
e | g | 22 7
1 =2 = = ez 21
2 4 2 (2.18)

Typically, precision experiments have a strong magnetic eld and a weak electric quadrupole eld so

that the frequencies frequencied ., dier by an order of magnitude or more from one another, and
satisfy the following relations.

c> 4+ 2 (2.19)

I is real only when the content of the root in eq.2.18is greater or equal to O:

2A2<1 2 (2.20)

10



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

2
Up < %qdz%: (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 de nition.

L+ = (2.22)

+ =

(2.23)

Nlow ©

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

f= ie I+ 2 (2.24)

The cyclotron frequency derived from the invariance theorem is a ected 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

Ring

U
Uc —| |—0 U ¢
p e

Correction
electrodes

Figure 2.3: An Schematic gure 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 (g. 2.3), isa 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 Uy is applied between the ring electrode and endcaps, and; is applied between the
correction electrodes and the endcaps, the produced potential can be written in a spherically expanded
form [30]

1 R
U= *UQ Ck
2
k=0

% ‘ Px(cos ); (k even) (2.25)
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I=lgsin(w; t)

Amplifier

Amplifier

Figure 2.4: (a) The resonator circuit to amplify the image current. When the particle has high axial
energy, the induced image current is ampli ed and observed as a peak in the frequency spectrum. (b)
The equivalent circuit when the particle is cooled.

where Cy is the coe cient of each term, r is the distance from the trap center,d = %(25 + 73) is the
characteristic trap size, Px(x) is the Legendre polynomial, and is the angle from the trap axis. The
summation in (2.25 is taken for evenk since the trap geometry is symmetric in the axial direction.
The coe cients Cy represent the in uence of the correction voltage on each term. For instanceC,
and C,4 can be expressed as below.

u
C,=c® +p,¢ (2.26)
Uo
_ ~0 Ue
Ca=CQ +Dy° (2.27)
Uo

C,EO) and Dy are determined by the geometry of the trap. C4 can be canceled out by selecting a specic
ratio of the ring voltage and correction voltage U.=U,, which is called 'tuning ratio (TR)". Although
changing the correction voltage generally change€,, namely the depth of the potential well, a speci c
geometry makesD, zero. Whenz.=zy 0:8351 and =% 1:0239,D, 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 con ned
particle .= gqBo=2m, and it is calculated using the invariance theorem 2= 2+ 2+ 2,
The g-factor of a particle can be obtained using the cyclotron frequency . and the Larmor frequency
L = g s Bo=h, which is the frequency of the spin precession in a magnetic eld. They are connected
with the g-factor as below.

g L
= = 2.28
5=~ (2:28)
The axial frequency ; 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 ; | 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 con ned 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 ampli ed by a large impedance to a
detectable level. To this end, a resonance circuit consisting of an inductanck and a capacitanceC
connected in parallel ﬁgmected between electrodes. When the particle is oscillating at the resonance
frequency s =1=2 CL, the resonance circuit works as a impedance

Rp=2 (esQL (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
of this resistive cooling is
Ro?
mD 2
where D is the characteristic trap size. When a patrticle 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 inductancel, = mD 2=¢? and capacitancec, = ¢?=m! 2D? [31].

(2.30)

mD 2
P

I = (2.31)
q2

%~ me .oy (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 ;. , can be measured by
tting 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 noisgf][33]
which is given as
E2d =4RkgTd (2.33)

where E is the voltage noise density,R is the real part of the impedance of electrical componentskg
is the Boltzmann constant, and T is the temperature.
The impedance of the detector circuit combined with the equivalent circuit of the particle is

1 1 _ 1 !
Z()= —+i 2C 2.34
= g ! 2L 21, @cy ¢t (2.34)
Using 2.29 2.30, 2.31, and 2.32the real part of Z( ) is written as
- RP .
R = — 5 (2.35)
1+ Qfe—+ 7o
The noise can be written as e TR
E2d = - Bz P 5 (2.36)
1+ Qfe—+ 7o

The width gf the dip . iIs de ned as the di erence between the frequencies at which the noise
level drops to' 4kg TRp=2. For , = s, the dip width of a single particle is given as

_ _ Ry

2= 5 = 5D 2 (2.37)
In the case of an ensemble of antiprotons, the dip width is
_ NRpd? .

2(N) = >mD 2. (2.38)

Therefore, the number of particles con ned 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 .. To this end, a dynamic quadrupole potential oscillating at a drive frequency = z
is applied.

E(r;t) = évﬁ cos(2 t)(ze + e;) (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) = a, sin(7°t)sin(2 1 (2.40)
_ & 0 0
=5 cos (2 ; 7)t cos (2 ,+ 7)t (2.412)
(t) = cos(7°t) sin2 1) (2.42)
_ qVis
0~ W (2.43)

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

= (2.44)

r z t 4 (2.45)

The frequency spectrum of the modulated oscillation shows peaks at these frequencies.
In an experiment, the drive frequency ( is slightly detuned by from 28S = z
In this case, the modulated axial oscillation is

z(t) = & sin(7t)sin(2 z) (2.46)
q___ <
= 2+4 22 (2.47)

and the frequencies of components irz(t) are

1= 2 7 + ? (248)

r= z 2 2 (2.49)
Although there is a detune of the drive frequency, the radial frequencies can be derived precisely
using r, zand g

= w (i+ z) (2.50)

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

To this end, a strong inhomogeneity of a magnetic eld 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 eld in a Penning trap can be expanded in the z-axis30]

B,(z)= By 2Biz+ B,z + (2.51)

where By is the o set of the magnetic eld, B; is a coe cient of a proportional dependency onz, and
B, is a coe cient 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 in a magnetic eld B feels a potential = B. Therefore,
an antiproton which has a magnetic moment , 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 a ects 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 e ect is called the continuous Stern-Gerlach e ect. The frequency

shift between the states is
_ 1 B2
z;SF 2 2 mp ,

(2.52)

In BASE, a typical B, value is around 3 10° T=m?, which results in a di erence 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 fromq]

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 eld, 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 eld of
Bp =1:945T. A trap chamber, which has the trap electrodes inside it, and detector circuits are xed
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
athin (2 m) foil made of polymer. Injected antiprotons are caught by potential walls produced by
high voltage electrodes, cooled and stored in the trap9]. The pressure inside the trap is maintained
below 10 *° 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 84]

Fig. 2.6 shows an overview of the Penning trap system of BASE. It consists of four di erent traps
which are dedicated to di erent operations in measurements. Each trap implements a di erent 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 con ne 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 inhomogeneitie; and B,. An axial detector circuit
and a cyclotron detector which is optimized for directly measuring and cooling the modi ed cyclotron
frequency . are connected to a electrode.

The analysis trap (AT) aims to measure the Larmor frequency . 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 eld produced by the main superconducting magnet.
The AT has an axial detector connected to one of endcaps and a coil to drive the spin ip of an
antiproton.

The cooling trap (CT) is placed at the downstream side to cool the modi ed 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 modi ed
cyclotron mode to the level as low as 200 mK together with an axial detectors35]. Note that the
temperature 200 mK is not that of the cyclotron detector, but the amplitudes corresponding to that
temperature. The modied cyclotron mode cooling suppresses uctuations of the axial frequency
dependent on the energy of the modi ed cyclotron mode, and enables a spin ip detection with high
delity.

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 material6] 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 rst, the linear accelerator (LINAC4) accelerates negative hydrogen ions (H ) to 160 MeV
energy and theH 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 26 GeV, 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 190 m long beamline of the AD [37]. A bunch of antipro-
tons, which has the momentum of 37 GeV=¢ is rst 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 amplied 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 a ected averaging the cycles.

After the rst stochastic cooling phase, the bunch of the antiprotons is decelerated by the deceler-
ation rf system with 3:5kV peak voltage to a intermediate energy level of 2 Ge¥c

Another stochastic cooling process takes place again at 2 GeX, afterwards the antiprotons are
further cooled to 300 MeV=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 100 Me¥c (5:3 MeV kinetic energy) and electron cooled
to be handed over to the ELENA.

The ELENA is a hexagonal decelerator ring with the circumference of about 30 m. The antiprotons
injected into ELENA undergo the deceleration from 100 MeV=cto 13:7 MeV=c(100 keV kinetic energy),
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while electron cooling phases take place at momenta 35 Mex and 137 MeV=c[37]. Subsequently the
antiprotons are ejected from ELENA and distributed to the experiments by electrostatic beamlines at
100keV energy.

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

Measurement sequence

At rst, 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 re ected 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 con ne the particles inside the RT. The con ned particles with energy of a
few keV are cooled into a range of 4K to 200K by electrons stored in the RT in advance4fl].

For the charge-to-mass ratio measurement, an antiproton and aH ion, as a proxy of a proton,
are simultaneously con ned 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 aH ion contains two
electrons, it is slightly heavier than a proton[11]

Ry p= mr: =1:00108921875380(3) (2.53)
p

The ratio of masses of the two particles is calculated theoretically and has an uncertainty of 3 10 4.
From the composite cloud of the antiprotons andH ions stored in the RT, an individual antiproton
andH 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 rst 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][ From this dataset, the ratio of
charge-to-mass ratios of a proton and antiproton was obtained as

(9=m)p
(9=m)p

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 rst 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 modi ed cyclotron mode is especially important to establish a high- delity detection of a
spin ip [ 42, 10, 35). The frequency shift caused by a spin ip  sg is only ppm level compared to the
axial frequency. The cyclotron energyE. needs to meetE, =kg < E t, =kg = 0:2K to suppress axial
frequency uctuations dependent onE. su ciently compared to the frequency shift of a spin ip [ 10].
The cooled antiproton is transported to the AT, where the strong magnetic bottle B(z) = Bg + B, at
Bo =1:23T and B, = 272(12) kT =m?, to check if E. is low enough by measuring the axial frequency,
which depends onE. under the strong magnetic bottle. Such cooling processes are repeated until the
cyclotron energy is cooled below the threshold.

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

= 1:000000000003(16) (2.54)

= ki1 zkj > 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
timesj 2f 1;2;3g. Afterwards, the cyclotron frequency is transported to the parking electrode placed
on the upstream side, and the Larmor patrticle is carried to the PT. The Larmor patrticle 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
i = ¢ from [10]. The red line is the result of a direct likelihood estimation of g, and . The gray
area indicates the 68% error band.

RF eld at a drive frequency . and spin transition Rabi frequency r for a certain duration using
the spin ip 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 ip determination in the AT are implemented.

The cycle of measurements is repeated for di erent drive frequenciess.x and the g-factor resonance

kK = k= ck, Which is the probability of spin ip, can be obtained by normalizing the drive frequency

by the averaged cyclotron frequency as shown in g2.8.

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

%p = 2:792847350(9) (2.56)

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

2.3 Inuence of the magnetic eld uctuation

Since the frequencies measured in a Penning trap are dependent on the magnetic eld, it is required
to be stable during the measurement. Though a superconducting magnet operated in persistent-mode
yields high stability of the produced magnetic eld, the best Penning trap experiments have reached
a frequency stability of up to 10 ! in subsequent measurements. While an oine Penning trap
measurement which is a ected by the intrinsic stability of the superconducting magnet, BASE which

is operated inside the Antiproton Decelerator facility needs to consider the uctuations of the external
magnetic eld produced by the decelerator.

The AD/ELENA complex ramps its magnets during the deceleration process, so it produces peri-
odic shifts in the magnetic eld. The periodic change of the magnetic eld inside AD is up to about
3 T as shown in g. 2.9a) and it would cause a systematic relative shift of 10 © 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 uctuations of the external magnetic eld by a factor of up to 225(15), frequency mea-
surements in the AD are limited by the magnetic uctuations during AD operations. For instance, the
measurement of the cyclotron frequency ratio of the antiproton andH ion has a relative uncertainty
of R=R = 2000 ppt during an AD operation, while R=R = 300 ppt under "AD-o0 " conditions. This
fact results in that achieving a relative precision of 3 ppt requires 10,000 measurements while the AD is
0, corresponding to a measurement time of 30 days, while the same precision needs a measurement
time of 44 months 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 o 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 su cient 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 eld 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. 2.9b) shows the in uence of the AD facility on the magnetic eld uctuation. Here, mean
magnetic elds ¢ ,+ (B) of certain durations from t; to t; + were calculated from a data set of a
measurement lasting 24 hours. Then Allan deviation using di erences between consecutive time bins
was calculated as a function of the averaging time .

Vv

u
poax?
B( )= N ( ti+:t+2 (B) t+ (B))? (2.57)
i=1
whereti:1 ti = . These values were measured and calculated at some experimental conditions, in

the AD facility of CERN while the AD is on (red) and o (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 T. The "AD o" condition yielded about 40 times lower deviation at =120s
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 di erence of a factor of 4 to 5 between the weekday and weekend, it was a few timeslhT
in the weekend condition.

Therefore, performing the measurements in an o ine laboratory reduces the magnetic- eld uc-
tuations by a factor of several hundred compared to the AD during operation, which signi cantly
improves the measurement precision. A transportable antiproton trap that allows the experiment to
be moved from the AD to an o ine 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 o ine 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 con ne 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. 2.10shows 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 194cm85cm 160cm. 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 eld for particle con nement is provided by the superconducting magnet with a single
cryostat for liquid helium. The magnet is operated at a magnetic eld level up to 1 T, 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 g2.11 The trap electrodes are
placed inside the hermetically sealed trap chamber, which is xed 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 ange 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 ful lls this requirement. Its
cylinder-shaped rotor has two pairs of windows so that a beam can pass through them, and a degrader
foil is xed 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 xed 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 to2kV. 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 a ecting 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 2kV constantly, CO1 is ramped from 0 to 2kV
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 con ned 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 at 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 3kV,
keeping the shape of the potential well. The antiproton(s) can be ejected with an energy of about
3keV by pulsing C01 to O V.

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 ows coming from outside with a higher pressure. The ROT is
turned to block the molecular ow 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. R0O1 to R04 and R13 can be biased up to 200V while the other electrodes
are biased up to 16 V.

The electrodes RO1 to RO3 are used for shuttling antiprotons between the CT and RT. Capturing
antiprotons from CT can be done by pulsing RO1 with a constant potential wall at RO3.

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 xed to the superconducting magnet so that the misalignment of the magnetic
eld is minimized. The magnet consists of one main solenoid of 500 mm 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 ofB1j < 0:85mT=m and jB,j < 0:64 T=m? betweenz = 75mm
and z = 75 mm, where z = 0 is the center of the magnet. The magnet is xed and thermally connected
to the helium vessel. The helium tank has ve 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
re lled 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 20nbar
after a few times of activations of the NEG pump. The vacuum inside the trap chamber is expected
to be 10 ¥ mbar due to cryopumping, during which the residual gas is frozen on the cold surface of
the trap chamber. The dierence of the pressure between the inlet chamber and the trap chamber
results in a ow 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 e ect 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
ow 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 de ector capable
of applying a high voltage pulse. The de ected bunch is further de ected by a large de ector chamber
that bends the trajectory into the vertical direction while other bunches going to other experiments
go straight.

Beyond the de ector, 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 tal500V. 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 510 °® 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 ange. 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 de ector chamber is installed above the beam monitor chamber.

It has a pair of bended electrodes to produce a centripetal electric eld. Typically, a voltage of about
10000V is applied between the electrodes to de ect 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 de ector chamber,
a ZQNA chamber, which has the same design as that in the beamline beneath the oor, is installed.
The electrodes of the de ector 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 g. 2.11 The connection to the vacuum pumps is also
schematically depicted. The gate valve installed between the beam monitor chamber and the de ector
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 con ned, there is the di erential
pumping section with the length of 6965 mm and the diameter of 6 mm at the minimum. Because of
this geometry, there is the angular acceptance as low as = 0:015rad. To reduce the e ort 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 andH 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 pro le 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 rst 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 20 mm, which are placed around the beam axis and xed on a holder
part while keeping them isolated from the holder by using ceramic washers (Fig3.1). The holder
is connected to the feedthrough ange, 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 ange is
connected horizontally on a cross ange on the handover valve. The position of the beam monitor was
adjusted by inserting washers at the joint of the ange 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 de ector chamber. It is composed of nine 1 mm
diameter copper wires to collect antiprotons, a holder part to x them, four rods to hold it on the
position, and pedestal parts to connect the whole components on a feedthrough ange. 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 xed 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 rst 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 rst beam monitor. The assembly is highlighted in blue.

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

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 rst 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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