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Abstract

The Baryon Antibaryon Symmetry Experiment (BASE) collaboration aims to perform stringent

tests of the combined charge, parity and time reversal symmetry (CPT symmetry) by comparing

the fundamental properties of protons and antiprotons, such as charge-to-mass ratios and magnetic

moments, with high precision. To realize such measurements, an advanced Penning trap system is

used. This enables us trapping of single protons and antiprotons in a stable potential. Moreover,

highly-sensitive superconducting detection systems allow to measure image currents on the order

of fA, which is induced by an oscillation of the single trapped particle. By using these developed

devices, the BASE collaboration achieved the most precise measurement of the proton g-factor

with a relative precision of 3.3 parts per billion (p.p.b.) [25] and a comparison of the proton-to-

antiproton charge-to-mass ratio with 69 parts per trillion (p.p.t.) [13]. In order to achieve an

even higher precision for the charge-to-mass ratio measurement, it requires a development which

contributes to the reduction of systematic uncertainties. In this thesis, the development of a tunable

single particle axial detection system is presented. By this development, it is expected that the

systematic uncertainties arose from our previous charge-to-mass ratio measurement will be reduced

significantly, as a consequence increases the final precision.
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Chapter 1

Introduction

Antimatter, a pair of the matter with identical mass and lifetime but reversed charge and magnetic

moment, has been predicted by P.A.M. Dirac in 1928 [1]. Based on the properties of the relativistic

quantum field theory, there is a fundamental symmetry between matters and antimatters under

the combination of the charge conjugation (C), parity transformation (P) and time reversal (T),

which is called the CPT symmetry. However, according to cosmological observations, matters are

dominant in our universe, compared to antimatters [2]. The motivation of the experimentalist is

to solve this conflict between particle physics and cosmology by a high precision measurement of

the matter’s and antimatter’s fundamental properties. If any difference in any value is observed,

this will be a clear evidence of the CPT violation. On the other hand, if the measurement shows

that the values are identical in a certain precision, this information will provide a limitation to the

theories which allow the CPT violation. Therefore, a comparison of the matter’s and antimatter’s

fundamental properties by a high precision measurement is necessary to perform a stringent test of

the CPT symmetry.

1.1 Background of testing CPT symmetry

The status of different CPT tests is shown in Figure 1.1. The highest precision of the CPT test

is the mass measurement of kaons by comparing the decay channels of the neutral mesons K0/K0

to charged and neutral pions. Thereby, the relative mass difference is constrained to be less than

10−18 [3] [4]. In the lepton sector, electrons and positrons are measured by using Penning traps with

high precision. By applying the continuous Stern-Gerlach effect for the non-destructive detection

of single particle spin states in the Penning trap, the g-factors of the electron and positron are

measured with precision better than 4 parts per billion (p.p.b.), and the comparisons of their g-

factors were within δg/g ∼ 2× 10−12 uncertainty [5] [6]. Another CPT test for leptons is the muon
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g − 2 measurement, which is comparing the g − 2 of µ+ and µ− in a storage ring with a fractional

precision of 3.7 × 10−9 confirming CPT invariance [7] [8]. However the muon g-factors deviate by

3.6 standard deviations from the prediction of the Standard Model, which has been interpreted to

be caused by coupling to dark gauge bosons [9] [10]. Currently, efforts are in progress to repeat

these measurements with higher precision to resolve or confirm this deviation [11] [12].

However, only few tests of CPT symmetry exists in the baryon sector. The most precise CPT

test in the baryon sector is the charge-to-mass ratio comparison of protons and antiprotons [13]

[14]. The charge-to-mass ratio measurement was performed by the TRAP collaboration at CERN

low-energy antiproton ring (LEAR) by comparing the cyclotron frequencies of the proton and the

antiproton νc,p/νc,p [15]. Later, a negatively charged hydrogen ions H− were used for the proxy

of protons, which allows to increase the relative precision of the cyclotron frequency ratio [14]

[16] [17]. Also hydrogen-to-antihydrogen CPT tests are targeted by several collaborations at the

antiproton decelerator (AD) [18]. For hydrogen, the 1S-2S transition frequency was measured

with a relative uncertainty of 4.2 × 10−15 by using a cold beam of hydrogen atoms [19]. The

first measurement of the 1S-2S transition of antihydrogen was recently carried out by the ALPHA

collaboration by using the magnetic gradient trap [20]. Another subject to test the CPT symmetry

of hydrogen and antihydrogen is the comparison of the ground-state hyperfine-splitting (GS-HFS)

of them. The hydrogen GS-HFS has been measured with a fractional precision of 0.7 p.p.t. by using

maser [21]. In case of antihydrogen, the ALPHA collaboration observed the hyperfine transition

using appearance mode annihilation spectroscopy in a magnetic gradient trap [22]. In parallel, the

ASACUSA collaboration reported on the first production of a beam of antihydrogen atoms by using

a cusp trap [23].
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Figure 1.1 The measurement status of the relative precision achieved in different CPT tests.

The black part corresponds to the results of the previous measurement, grey part corresponds

to the precision which BASE is aiming, and the white part is the precision which is planned

for future. The schematic is cited from [26].

The main motivation of the BASE collaboration is to perform a stringent test of CPT symmetry

by comparing the fundamental properties of proton and antiproton. Recently we succeeded to

measure proton-to-antiproton charge-to-mass ratio in 69 parts per trillion (p.p.t.) agreement [13].

As the cyclotron motion frequency is defined as

νc =
1

2π

q

m
B (1.1)

where m is the mass, q is the charge and B is the magnetic field. The charge-to-mass ratios of the

proton-to-antiproton are indirectly extracted by comparing the H− ion and antiproton cyclotron

frequencies as

νc,p
νc,H−

=
(q/m)p
(q/m)H−

. (1.2)

This equation is based on the assumption that the magnetic field is identical. Regarding to the

proton g-factor measurement, we achieved to measure it by using the double Penning-trap technique

[24] with an unprecedented precision of 3.3 p.p.b.. [25]. An improved measurement of the antiproton
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magnetic moment is in progress. The g-factor is a dimensionless constant value related to the

magnetic moment. The magnetic moment of the proton/antiproton is defined as

µp/p = ±
gp/p

2
µN , (1.3)

where µN = qpℏ/2mp is the nuclear magneton. As the Larmor precession frequency of the particle

is defined as

νL =
g

2

1

2π

q

m
B. (1.4)

From Eq.(1.1) and (1.4), the g-factor can be expressed as

g

2
=

νL
νc

, (1.5)

assuming that νc and νL are measured at the same magnetic field B. This principle is the ap-

plication of previous researches of the electron/positron g-2 measurement [6] [27] [28] to the pro-

ton/antiproton. Therefore, the charge-to-mass ratio and the g-factor can be directly extracted from

measurements of two eigenfrequencies.

1.2 Outline of this thesis

As the charge-to-mass ratios and the g-factors are measured by the cyclotron frequency and

the Larmor frequency, the final precision is strongly correlated to the precision of the frequency

measurements. To realize the high precision eigenfrequency measurement, a stable potential in the

Penning trap and highly-sensitive detection systems are necessary. In this thesis, the development

of a tunable axial detection system to improve the charge-to-mass ratio measurement is discussed.

This new detection system has improved in a way that it has a higher sensitivity, and moreover

the resonance frequency is tunable, which allows to measure the charge-to-mass ratio of the H− ion

and the antiproton in the identical potential.

The outline of my thesis is as follows. In Chapter 2, the principles of the Penning trap and

the image current detection are explained. In Chapter 3, the experimental setup of the BASE

experiment are explained. In Chapter 4 the details and the problems of the previous charge-to-mass

ratio measurement are explained. In Chapter 5 the mechanism about the tunable axial detection

system and the optimizations are explained, and in Chapter 6 the evaluation of each part of the

tunable axial detection system is discussed. In Chapter 7, a summary of the results is presented.
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Chapter 2

Experimental method

The BASE collaboration is located at Mainz University, Germany and CERN AD, Switzerland.

At Mainz University, the experimental methods to measure g-factors are developed with protons

which are then applied to the antiproton experiment at CERN. Moreover, at CERN we have possi-

bilities to measure the proton-to-antiproton charge-to-mass ratio. To achieve a direct measurement

of the proton’s and antiproton’s fundamental properties with high precision, cryogenic Penning

traps are used. This method is suitable for charged and long life time particles such as protons

and antiprotons. The Penning trap is composed of a superposition of an electric quadrupole po-

tential and a strong homogeneous magnetic field. Under such a potential configuration, the single

charged particles are trapped and the eigenfrequencies of the charged particle can be extracted non-

destructively by using superconducting detection systems. By measuring the cyclotron frequency

(νc) and the Larmor frequency (νL), the charge-to-mass ratio and the g-factor are accessible. To

realize the high precision measurement of these frequencies,it is utmost importance to develop a

well designed Penning trap as well as highly-sensitive single particle detection systems are of utmost

importance. In the framework of this thesis, the antiproton experiments are focused, which I was

participating for my master thesis.
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2.1 Penning trap

Figure 2.1 The cut view of the cylindrical Penning trap with five electrodes. A ring electrode

(red), two correlation electrodes (orange) and two endcap electrodes (yellow) are shown. Each

electrodes are spaced by sapphire rings (gray) with an identical inner distance. By adjusting

the voltage to each electrodes and adding a strong magnetic field in the axial direction, the

particle is trapped in both radial and axial directions. Cited from [26]

The cylindrical Penning trap consists of a central ring electrode, two adjacent correction electrodes

and two endcap electrodes. Figure 2.1 shows the cut view of the cylindrical Penning trap. This

forms an electric quadrupole potential for confining the charged particle along the axial direction z

(refer to Figure 2.1):

Φ(ρ, z) = VRC2(z
2 − ρ2/2) (2.1)

where C2 is the potential coefficient. The ring voltage VR denotes the potential difference between

the ring electrode and the endcap electrode. This hyperbolic electrostatic potential in Eq. (2.1)

confines the axial motion of the particle, however the particle is not bounded radially. Therefore,

a strong magnetic field B⃗ in the axial direction by a superconducting magnet is superimposed to

confine the charged particle also in the radial direction. In these field configurations, the charged

particle is confined in both radial (ρ-axis) and axial (z-axis) position. The trajectory of this trapped

particle is described by a superposition of three independent eigenmotions [30] (see Figure 2.2).
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magnetron motion

axial motion

modified cyclotron 
motion

~B

z

y x

Figure 2.2 The Schematic of the particle’s modified motion inside the Penning trap, by

the electric quadrupole potential and magnetic field. This motion is the superposition of

three eigenmotions, the axial motion (green), the modified cyclotron motion (blue), and the

magnetron motion (red). See the text for details.

The axial frequency νz of the particle is derived from the harmonic oscillation in the hyperbolic

potential Eq.(2.1) as

νz =
1

2π

√
2C2VR

q

m
. (2.2)

In the BASE apparatus, the axial frequency of protons and antiprotons is in the range of 540 kHz

to 680 kHz [26]. By the radial component of the electrostatic potential together with the magnetic

field B⃗,two additional eigenfrequencies in the radial direction, the modified cyclotron frequency and

the magnetron frequency are arose. The modified cyclotron motion is the form of the cyclotron

motion being affected by the radial component of the electric quadrupole potential. The magnetron

motion is caused by a drift of the cross static field E⃗ × B⃗. The respective eigenfrequencies ν+ and

ν− are given by:

ν± =
1

2
(νc ±

√
ν2c − 2ν2z ). (2.3)

The magnetron frequency can be expressed as an independent value to the physical properties of

the trapped particle by the first order approximation as,

ν− =
1

2
(νc −

√
ν2c − 2ν2z ) ≃

ν2z
2νc

=
1

2π

C2V0

|B⃗|
(2.4)

These three eigenfrequencies are related to the the free cyclotron frequency νc via the invariance

theorem [39] as:

ν2c = ν2+ + ν2− + ν2z . (2.5)
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Therefore the free cyclotron frequency can be calculated from the high precision measurement

of the three eigenfrequencies. One specific property of this important ”invariance relation” is,

that it is robust with respect to typical first order trap errors. Especially, the theorem is valid

for any misalignment or tilt between the magnetic axis. Typical Penning traps used in precision

measurement are operated with a hierarchy

ν+ ≫ νz ≫ ν−. (2.6)

In the BASE experiment, ν+ is mainly defined by the magnetic field B0 = 1.945 T and the value is

29.65 MHz and ν− is typically at 7 kHz [26].

2.2 The Penning trap potential in ideal geometry

In this section, the Penning trap potential in ideal geometry is explained. The electric quadrupole

potential Eq.(2.1) is derived from the Laplace equation ∇2Φ = 0 in cylindrical coordinate system

as

∇2Φ(ρ, φ, z) =
∂2Φ

∂ρ2
+

1

ρ

∂Φ

∂ρ
+

1

ρ2
∂2Φ

∂φ2
+

∂2Φ

∂z2
= 0. (2.7)

By the cylindrical geometry, the variable φ vanishes and the partial differential becomes ∂Φ
∂φ = 0.

The potential can be described by separating the variable using the ansatz Φ(ρ, z) = P (ρ)Z(z).

Therefore, Eq.(2.7) becomes

1

P

∂2P

∂ρ2
+

1

ρP

∂P

∂ρ
+

1

Z

∂2Z

∂z2
= 0. (2.8)

As the two endcap electrodes are grounded, this provides the boundary condition of Z(0) = Z(Λ) =

0, where Λ is the trap length. By this, Z(z) can be described by trigonometric function as

Z(z) = An sin knz (kn =
nπ

Λ
, n ∈ N) (2.9)

where Λ is the trap length and An is the coefficient. From Eq.(2.9) and defining ξ = knρ, Eq.(2.8)

becomes

ξ2
∂2P

∂ξ2
+ ξ

∂P

∂ξ
− ξ2P = 0. (2.10)

From this partial differential equation, P (ρ) can be described by modified Bessel functions of first

kind. Combining to Eq.(2.9), the solution of the trap potential is

Φ =
∞∑

n=1

I0(knρ)An sin knz (2.11)
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where I0(knρ) is the modified Bessel function of the first kind.

The setup of the Penning trap is as follows.

• Formed by five electrodes - ring electrode at the center, two correction electrodes adjacent

to it and two endcap electrode at both ends

• Both endcap electrodes are grounded

• The correction electrode is to tune the harmonicity of the electrostatic potential.

• Each electrodes are spaced by sapphire rings to fix the inner distance of the electrode to

d = 0.14 mm

The electrode geometry is carefully selected in orthogonal and compensated design [30]. ”Orthogo-

nal” means that the resonance frequency of the particle is independent to the voltage applied to the

correction electrode, and ”compensated” means that the first higher order corrections C4 and C6

of the multipolar potential expansions V (0, z) = V3

∑
j C2jz

2j can be tuned to zero simultaneously

[51]. The details of the design of the BASE-CERN trap stack are described in [37].

By considering the boundary condition of the Penning trap, The coefficient An in Eq.(2.11) can be

calculated. First multiply with sin(kmz) to apply the orthogonality of the trigonometric functions

as

2

Λ

∫ Λ

o

dz sin(knz) sin(kmz) = δmn (2.12)

to seperate the coefficients of Φ(ρ, z). By applying the boundary condition ρ = a, where a is the

inner radius of the electrode, the solution of the integration derives An as∫ Λ

0

dzΦ(a, z) sin(knz) =
5∑

i=1

∫ z2i−1

z2i−2

dzVi sin(knz)

+
4∑

i=1

∫ z2i

z2i−1

dz(
Vi+1 − Vi

z2i − z2i−1
z +

Viz2i − Vi+1z2i−1

z2i − z2i−1
) sin(knz) (2.13)

where Vi and zi are the voltage and the coordinate shown in the left side of Figure 2.3.The first line

is from the boundary condition of the electrode surface and the second line is the linear interpolation

of the gaps. From solving this equation, the trap potential is

Φ(ρ, z) =
∞∑

n=1

[
V1 cos(knz0)− V5 cos(knz9)

d
+

4∑
i=1

Vi+1 − Vi

kn
2d

(sin(knz2i)− sin(knz2i−1))]

× 2

Λ

I0(knρ)

I0(kna)
sin(kn(z +

Λ

2
)) (2.14)

which is shown in the right side of Figure 2.3. Here the distance between each electrodes are

z2i − z2i−1 = d and z = Λ
2 in the Penning trap is fixed to the the trap center.
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Figure 2.3 The left side is the assembly of the five electrodes of the trap. The graph of the

right side is the calculation of the trap potential Φ(ρ, z) in ideal Penning trap. Each electrodes

are bias in voltage Vi to stabilize the charged particle to the center of the ring electrode.

To clarify this solution, it is better to expand the trap potential into power-series as

Φ(0, z) = V3

m∑
i=0

Ciz
i (2.15)

where the potential coefficient Ci is defined as

Ci =
∞∑

n=0

[
V1 cos(knz0)− V5 cos(knz9)

d
+

4∑
i=1

Vi+1 − Vi

kn
2d

(sin(knz2i)− sin(knz2i−1))]

× 2

ΛV3

1

i!I0(kna)
(
nπ

Λ
)i sin(

nπ

2
(n+ j)). (2.16)

Moving back to the setup of the Penning trap, the voltage of the electrode are decided in three

values. As the endcap electrode is grounded, V1 = V5 = 0. The correction electrodes has the same

voltage and expressed as V2 = V4 = V3 · TR, where the TR is called ”tuning ratio”. All potential

coefficients Ci can be described as Ci = Ei +Di · TR. In these units, the criteria ”orthogonality”

and ”compensation” is expressed as D2 = 0 and C4 = C6 = 0, respectively. Therefore the three

free parameters, the tuning ratio (TR), the ring electrode length (l3 = z5 − z4) and the correction

electrode length (l2 = l4 = z3 − z2) define all parameters of the Penning trap potential.
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2.3 Image current detection

To measure the motional frequencies of the single trapped antiprotons non-destructively, image

current detection systems are used [28]. Especially the modified cyclotron frequency ν+ and the axial

frequency νz of the single antiproton are directly measured by using highly sensitive superconducting

detection systems. The motional frequency is measured from the detection of the image current ip,

which is induced by the harmonic oscillation of the charged particle. Detection systems are directly

connected to the trap electrode to detect and amplify this fA-order image current. The detection

system consists of a superconducting resonator and a low noise cryogenic amplifier. Figure 2.4

shows the circuit of the image current detection system. The resonator is equivalent to an inductor

L with a capacitance Cp and a resistance Rp connected in parallel.

Figure 2.4 The cryogenic image current detection system. The induced image current ip

which matches to the resonance is amplified at the detection system and is readout by the

FFT analyzer.

The two main values to evaluate the resonator are the resonance frequency ν0

ν0 =
1

2π
√
LCp

(2.17)

and the Q-value, the dimensionless damping rate of the resonator which is described as,

Q = 2π
E

∆E
=

ν0
∆ν0

=
Rp

2πν0L
(2.18)

where E is the stored energy per cycle, ∆E is the energy loss and ∆ν0 is the −3 dB bandwidth com-

pared to the resonance peak,respectively. Eq.(2.17) and Eq.(2.18) can be derived from considering
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the total impedance Zp(ω) described as

|Zp(ω)| =
1√

1
R2

p
+ ( 1

ωL − ωCp)2
. (2.19)

As the maximum impedance Zp(ω0) = Rp corresponds to the resonance, the resonance frequency

ω0 = 2πν0 is derived as 1/
√
LCp. The impedance of the −3 dB point is

|Zp(ω)| =
1√
2
|Zp(ω0)| =

Rp√
2
. (2.20)

From Eq.(2.19) and Eq.(2.20), the −3 dB bandwidth is derived as ∆ν0 = 1/CpRp. Therefore, from

the definition of the Q-value, Q = ν0/∆ν0 = Rp/2πν0L is derived. From a measurement of the

resonance frequency ν0 and the Q-value, L, Cp and Rp are extracted. This is the main method

used for the measurement to evaluate the detection system in Chapter 6.

The induced image current ip is described as follows [28]:

ip =
q

D
ζ̇i = 2π

q

D
νiζi (2.21)

where ζi is the coordinate, νi is the eigenfrequency of the particle and D is the trap specific length.

When the resonance frequency of the detection system ν0 is matched to the particle eigenfrequency

νi, the detection system acts as a simple parallel resistance Rp. Therefore, a voltage drop occurs as

Vp = Rpip = 2πν0LQip. (2.22)

This voltage drop Vp is subsequently amplified by the cryogenic amplifier and the transient is

recorded by the fast Fourier transform (FFT) analyzer. As the voltage drop is proportional to the

parallel resistance, the sensitivity of the image current detection system is defined by the Q-value.

In order to maximize the Q-value, the detection systems are designed and developed in BASE for

each Penning trap [38]. Details of the axial detection system are described in Chapter 5.

2.3.1 Dip detection

Together with the trapped particle in the Penning trap, the equivalent circuit of the detection

system can be shown in Figure 2.5.
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Figure 2.5 The Equivalent circuit of the trapped particle of the detection system. The particle

acts as a LC circuit which has a eigenfrequency as a resonance frequency νi = 1/(2π
√
LsCs).

The resonance frequency of the detection system is ν0 = 1/(2π
√

LCp).

The oscillation of the particle can be described as a damped harmonic oscillator. Here, the axial

motion is focused only. The equation of the motion is described as

mz̈ +mγz ż +mω2
zz = 0 (2.23)

where γz is the damping constant and ωz is the axial angular frequency. By multiplying ż to

Eq.(2.23)

mżz̈ +mγz ż
2 +mω2

z żz = 0 (2.24)

and time-integrating Eq.(2.24),

1

2
mż2 +

1

2
mωzz

2 = −
∫

mγz ż
2dt = −

∫
Pdt (2.25)

is obtained. The left side of the Eq.(2.25) is the total kinetic energy of the particle, while the right

side is the dissipation. The power dissipation P in Eq.(2.25) is due to the image current flow at the

parallel resistance as

P = Rpi
2
p = mγz ż

2. (2.26)

By solving for γz and with the definition of the image current in Eq.(2.21), the dampling constant

is expressed as,

γz =
Rp

m

q2

D2
. (2.27)

Therefore, the cooling time constant τz is

τz =
1

γz
=

m

Rp

D2

q2
(2.28)
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which defines the amount of time required for a particle to dissipate its energy to a fraction 1/e of

the initial energy. By combining Eq.(2.23) and Eq.(2.27),

m
D2

q2
d

dt
ip +Rpip +mω2

z

∫
D2

q2
ipdt = 0 (2.29)

is derived. By introducing the series inductance Ls = mD2

q2 and the series capacitance Cs =
1

mω2
z

q2

D2 ,

Eq.(2.29) is rewritten as

Lsq
2 d

dt
ip +Rpip +

1

Cs

∫
ipdt = 0. (2.30)

This equation indicates that in the thermal equilibrium, the particle behaves as a series LC circuit

with a resonance frequency of νz (see Figure 2.5). When the axial frequency νz = 1/(2π
√
LsCs) is

matched to ν0 = 1/(2π
√

LCp), the series LC circuit acts as a short circuit and the noise is shunted

to the ground. Therefore, a dip is observed at the axial frequency νz of the particle in the noise

spectrum [28]. An example of a spectrum is shown in Figure 2.6

Figure 2.6 The detected dip of the image current signal of the single particle in the BASE

Penning trap. In the thermal equilibrium, the particle generates a short at its axial frequency

and a dip signal is observed. Cited from [26].

The BASE experiment is using this dip detection to measure the motional frequencies of a single

antiproton. The benefit of using the dip detection is that the resonance frequency is measured

at thermal amplitudes of about 10 µm, which reduces systematic frequency shifts due to trap

imperfections [40]. Moreover the -3 dB dip width can be calculated from the impedance of the
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equivalent circuit and this is given as [28]:

∆νz =
N

2π
γz =

N

2π

q2Rp

D2m
(2.31)

where N is the number of the trapped particle. From observing the dip width, this provides

information on how many particles are actually trapped in a Penning trap.

2.3.2 Measurement of the free cyclotron frequency

Figure 2.7 The schematic of the sideband coupling method in the Penning trap. A shield

transmission line guides the rf drives to a radially segmented trap electrode. Cited from [41]

The motional frequencies of the radial modes ν+ and ν− of the particle are measured by the

sideband coupling [42]. Figure 2.7 shows the setup of the sideband coupling method. A radio

frequency (rf) drive at a frequency νrf is applied to the radially segmented trap electrodes. The

quadrupole rf-drive with an electric field

Erf = E0 sin(2πνrf t)(zêρ + ρ̂z) (2.32)

is irradiated to the trap. E0 denotes the electrical field amplitude and νrf = ν± ∓ νz is the drive

frequency which couples the modified cyclotron (magnetron) motion to the axial motion. This

results in a periodic exchange of energy between the two modes, leading to an amplitude-modulated

axial motion [41]:

z(t) = z0 cos(
1

2
Ω0t) sin(2πνzt)

= z0(sin[2π(νz +
Ω0

4π
)t] + sin[2π(νz −

Ω0

4π
)t]) (2.33)
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where Ω0 is the resonant Rabi frequency defined as Ω0 = qE0/(4πm
√
ν±νz) [42]. From Eq. (2.33),

the frequency spectrum is a coupled component of two components νl = νz − Ω0

4π and νr = νz +
Ω0

4π .

If the drive frequency is detuned by δ± = νrf − ν± ± νz, νl,r will become

νl = νz −
δ±
2

− Ω±

4π
(2.34)

νr = νz −
δ±
2

− Ω±

4π
(2.35)

where Ω± =
√
Ω2

0 + 4π2δ± is the off-resonant Rabi frequency. These sideband frequencies are

observed as a double dip at νl and νr. Combining Eq.(2.35) and the definition of Ω and δ, the

modified cyclotron frequency ν+ is extracted as

ν+ = νrf + νl + νr − νz (2.36)

The magnetron frequency can be measured by in a separate sideband coupling measurement, or

simultaneously by sideband coupling of the ”cyclotron-dressed-state” to the magnetron motion

described in [41]. Together with the axial frequency measurement by the axial detection system,

the free cyclotron frequency νc is obtained via the invariance theorem in Eq.(2.5).

2.3.3 Measurement of the Larmor frequency

As the spin precession of the trapped particle is not accompanied by a detectable image current,

the Larmor frequency νL cannot be directly observed by the image current detection system. A

solution for the non-destructive measurement of νL is provided from the continuous Stern-Gerlach

effect, which was introduced for the electron and the positron g-factor measurements [27]. In this

scheme, the inhomogeneous magnetic field of the form

Bz(ρ, z) = B0 +B2(z
2 − ρ2/2) (2.37)

which is called ”magnetic bottle”, is superimposed to the trap by introducing a ferromagnetic

ring electrode. B0 is the coefficient of the homogeneous magnetic field, B2 is the coefficient of the

inhomogeneity, z is the axial coordinate and ρ is the radial coordinate. Figure 2.8 shows a schematic

of the magnetic bottle and its magnetic field.
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Figure 2.8 Schematic of the magnetic bottle at AT. (a) the ferromagnetic ring electrode and

the magnetic field lines formed as Eq.(2.37). (b) On axis magnetic field of the magnetic bottle.

Cited from [26].

By the magnetic bottle, a magnetic potential Φ = −µ⃗ · B⃗z is added to the axial electrostatic

potential of the trap. This couples the magnetic moment of the trapped particle to its axial

frequency. Therefore, the measurement of νz enables the non-destructive detection of the spin-

eigenstate. Figure 2.9 shows the effective potential and axial frequency difference of spin-up/spin-

down states by the magnetic bottle. A spin flip causes an axial frequency shift of

∆νz,SF =
1

2π2

µpB2

mpνz
(2.38)

where µp and mp are the magnetic moment and the mass of the antiproton, respectively.
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Figure 2.9 Illustrations of the continuous Stern-Gerlach effect. The blue and red line rep-

resent the spin-up state and the spin-down state, respectively. (a) The effective potential of

the axial motion in the presence of the magnetic bottle is shown. As the magnetic potential

Φ = −µ⃗ · B⃗ is added to the axial electrostatic potential, the effective potential will be different

by the direction of the spin eigenstate. This effective potential difference causes to the the

axial frequency difference between spin-up state particle and spin-down state particle. (b) is

the calculated signal amplitude related to the noise amplitude of the detection system. In the

BASE apparatus, the axial frequency difference due to a spin flip is 180 mHz out of 675 kHz

[49]. Cited from [26].

By Eq.(2.38), the axial frequency shift caused by the continuous Stern-Gerlach effect scales lin-

early with the strengh of the magnetic bottle B2 and the ratio µ/m. However the µ/m ratio is

extremely small for the proton/antiproton system. Comparing to the electron-positron system [5],
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the proton magnetic moment is approximately 660 times smaller [26]. Therefore at the BASE ex-

periment a strong magnetic bottle of B2 = 300 000 T/m2 is superimposed to the trap for the spin

state analysis [31]. With this condition, ∆νz,SF = 180 mHz out of 675 kHz is acheived [49].

Once the non-destructive detection of the spin transition is established, the Larmor frequency is

obtained by measuring the spin transition probability PSF as a function of an irradiated spin flip

drive νrf,s [43] [44]:

PSF (νrf,s) =
1

2

(
1− exp

(
−1

2
ΩRt0χ(νrf,s)

))
(2.39)

where ΩR = 2πνLbrf/B0 denotes the Rabi frequency denotes with the magnetic drive amplitude

brf , t0 is the irradiation time, χ(νrf,s) is the line shape of the Larmor resonance. Details are

described in [43] [44].
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Chapter 3

Experimental setup of BASE

3.1 AD beamline

The antiproton experiment of BASE is performed at the antiproton decelerator (AD) of CERN,

the only facility which provides intense pulses of low energy antiprotons [18]. A pulse of about

30 million antiprotons of 150 ns lengths are provided in a 120 s cycle length, with the energy of

5.3 MeV. This antiproton beam is transferred and distributed to each experiments. Figure 3.1

shows a top view of the AD facility and the BASE experiment zone. Details about the AD ejection

beamline for the BASE experimental zone is described in [26].

Figure 3.1 The top view of the BASE experimental zone at AD facility. Cited from [26].
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3.2 Overview of the BASE apparatus

A schematic overview of the BASE experiment is shown at Figure 3.2. The Penning trap chamber

is housed inside the horizontal bore of a 1.945 T superconducting magnet (Oxford instruments)

together with the six detection systems. The trap system is placed inside a hermetically sealed

cryogenic vacuum chamber which is cooled to liquid helium temperature (∼ 4 K) by the two

cryostats placed upstream and downstream of the magnet. A horizontal support structure anchored

on both ends to the cryostats is called liquid helium stage. This holds the trap chamber in the

magnet bore inside an isolation vacuum. The detection systems are attached to the liquid helium

stage, next to the Penning trap. A segment with cryogenic electronics and filters for the voltage

biasing of the trap electrodes are also attached to the liquid helium stage next to the trap chamber.

The antiprotons ejected from the AD beamline are injected into the Penning trap through a vacuum-

tight degrader foil. At the degrader foil, energetic antiprotons penetrate the degrader material, lose

energy in inelastic scattering process, and are eventually stopped at a certain energy range. At

0.0001 fraction of the incident, antiprotons transmit through the thin degrader and can be trapped

by high voltage ramps. The technical details of the degrader design is described in [26].

Figure 3.2 The overview of the BASE experimental zone. Cited from [26]

To perform a high precision measurement of the charge-to-mass ratio and the g-factor, the re-
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quirement of the superconducting magnet is to have a highly homogeneous magnetic field with high

temporal stability. This is because the magnetic field stability directly defines the precision of the

cyclotron and Larmor frequency (see Eq.(1.1) and Eq.(1.4)). Since the BASE experimental zone

is located inside the AD facility, external magnetic field noise occurs, which is caused by the AD

operation, crane actions and the neighboring experiments. Therefore, it is important to have a

self-shielding solenoid coil inside the magnet, which wraps around the trap-can. This suppresses

the internal magnetic field fluctuation caused by the external magnetic field noise. Details about

the external magnetic field study and the self shielding geometry are described in [29].

3.3 The Penning trap assembly

The schematic of the BASE experiment is shown in Figure 3.3. The trap is installed in the

homogeneous center of the superconducting magnet. The stack consists of four cylindrical traps in

five electrode orthogonal and compensated design [30]. The individual traps are interconnected by

transport electrodes in an optimal length-to-diameter, and all electrodes are gold-plated to prevent

oxidation. The four cylindrical traps in BASE consist of the reservoir trap (RT), the cooling trap

(CT), the precision trap (PT) and the analysis trap (AT). RT/PT and CT/AT have inner diameter

9.0 mm and 3.6 mm, respectively.

Figure 3.3 The schematic of Penning trap assembly at BASE. It consists of four cylindrical

traps interconnected by transport electrodes. The inner diameter of the reservoir trap (RT)

and precision trap (PT) is 9.0 mm and that of cooling trap (CT) and analysis trap (AT) is

3.6 mm. The lower graph shows the on-axis magnetic field of the trap assembly. The trap is

installed in the homogeneous center of the superconducting magnet. The strong inhomogeneity

in the analysis trap is for the spin state analysis, and the smaller inhomogeneity in the cooling

trap is for the efficient cooling of the antiproton’s cyclotron mode. Cited from [26]
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Precision trap (PT) and analysis trap (AT) are used to measure the magnetic moment by ap-

plication of the double trap technique [24]. The PT is for the precision frequency measurement

and the AT is for the spin state analysis of the antiproton [31]. The layout of the AT is an exact

copy of well working analysis trap used for proton experiments at Mainz University [32]. For the

requirement of high magnetic field inhomogeneity in AT, a ferromagnetic material Co/Fe is used

for the ring electrode as a magnetic bottle [31].

The reservoir trap (RT) frequency is operated in online mode as a catching trap to capture and

store low energy antiproton from the AD ejection. At the upstream and downstream of the trap

high voltage electrodes are placed, which allows applications of catching pulses up to 5 kV. The RT

enables long-term storage of antiprotons and allows BASE to operate the measurement even during

the accelerator shut-down periods and to perform measurements when the magnetic noise at the

AD hall is low. In the offline mode the RT serves as a reservoir for antiprotons. The methods of RT

were developed to extract a single particle from a cloud of antiprotons and to shuttle this particle

to the precision measurement traps [34]. The PT is placed next to the RT and the antiproton is

transported by the transport electrodes connected to these traps. Voltage ramps applied to the

transport electrodes allow adiabatic particle shuttling along the trap axis. The entire trap assembly

is placed between a degrader system with 224 µm aluminum equivalent thickness on the upstream

side [31], and a field emission electron-gun to provide electrons for the sympathetic cooling of

antiprotons on the downstream side [33]. The details about the reservoir trap are described at [34].

The cooling trap is the trap which is planned to be installed in the future. The purpose of the

CT is fast and efficient cooling of the cyclotron mode of trapped antiprotons. This is essential for

single spin-flip experiments to prepare particles with low cyclotron energies [35]. The Details are

described in [26].

The assembly of the trap is shown in Figure 3.4. The trapped electrodes are pressed together by

two plates which are fixed on the upper and lower end of a tripod made out of oxygen-free electrolytic

(OFE) copper. The electron gun is connected to the lower plate and the entire assembly is attached

to the pinbase flange by three OFE copper spacers. The spin-flip coils to drive spin transitions

are placed on PTFE support structures mounted to the tripod. This assembly is placed into the

Penning trap chamber.
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Figure 3.4 Entire assembly of Penning trap system (a) drawn as a 3D model and (b) the

picture of the Penning trap assembly. Cited from [26].
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Chapter 4

Axial frequency tuning

The proton-to-antiproton charge-to-mass ratio was measured by BASE with 69 p.p.t. precision

[13]. The major systematic uncertainty in this measurement was caused by the voltage adjustment

of the ring electrode which was required to tune the antiprotons and negatively charged hydrogen

ions to the resonance with the detection system. This caused a shift of the particle position, and

together with a slightly inhomogeneous magnetic field, it induced a systematic frequency shift.

Details will be explained in the next section. One strategy to overcome this systematic limitation

is the development of a detection system with a tunable axial frequency. This detection system

enables to measure the charge-to-mass ratio of the antiproton and the H− ion without changing

the potential of the Penning trap.

4.1 Concept of the charge-to-mass ratio measurement

Here the charge-to-mass ratio which BASE performed [13] is explained. This measurement was

performed by a comparison of the cyclotron frequency of the antiproton and the H− ion, instead of

the proton. This was to avoid the systematic shift caused by the polarity switching of the trapping

voltage. Figure 4.1 shows the Penning trap setup for the charge-to-mass ratio. A difference to the

initial definition is, that the measurement was carried out in the reservoir trap and the precision

trap was used for the storage of the antiprotons. The original reservoir trap is far away from the

traps with the magnetic gradients, and in this trap the magnetic field was most homogeneous. The

measurement trap is adjacent to upstream and downstream park electrodes. This allows to shuttle

and park the single antiproton and the single H− ion and measure with each particle continuously.

The cloud of the antiprotons is stored at the reservoir trap and the sympathetic cooling is performed

by the electron gun.
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Figure 4.1 The Penning trap setup for the charge to mass ratio measurement in [13]. The

measurement is carried out at the measurement trap and the antiprotons are stored at the

reservoir trap. Resonant superconducting detection systems are connected to measurement

trap and the reservoir trap. The radio-frequency drives for the sideband coupling are applied

to the upstream side correction electrode of the measurement trap. The upstream and the

downstream park electrodes are used for the particle shuttling scheme applied in the charge-

to-mass ratio comparison. Cited from [13].

While one particle was measured in the measurement trap, the other particle was parked in

the park electrode. Figure 4.2 shows the experimental cycle of the measurement. a shows the

measurement cycle which is triggered by the AD beamline ejection, to avoid the systematic shift

induced by beats between the measurements and ambient field fluctuations caused by the cycle of

AD. b and c shows the potential configuration at the measurement of each particle. Details of the

charge-to-mass ratio measurement is described in [13].
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Figure 4.2 The measurement cycle of the charge-to-mass ratio measurement. a is the detailed

illustration of the measurement cycle. b and c are the potential configuration of the cyclotron

frequency measurement of the antiproton and the H− ion, respectively. The blue ellipse

represents the reserved particle in the reservoir trap. Cited from [13].

The concept of the measurement was by evaluating the ratio of the individual free cyclotron

frequencies νc = (q/m) · (B/2π) as

R =
νc,p
νc,H−

=
(q/m)p
(q/m)H−

. (4.1)

This concept is based on the assumption that the antiproton and the H− ion experience the identical

magnetic field. However in a high precision measurement, this assumption needs to be critically

investigated. Since tiny technical asymmetries and trap imperfections are present in each trap setup,

the magnetic field differs between the measurement of antiprotons and H− ions. These systematic

effects are discussed in section 4.1.1.

4.1.1 Trap asymmetry

The trap potential in the ideal Penning trap is explained at section 2.2 (see Figure 2.3). If the

trap is in a perfectly symmetric potential, trapped particles stay at the trap center and there is no

systematic effect when the voltage is adjusted. However in reality, by voltage offsets, geometrical

offsets and voltage dividers, the trap potential becomes asymmetric. Figure 4.3 shows the major

offsets of the Penning trap in the right side. The offset voltages ∆Vi are order of 10 mV to 200 mV
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which arise from the calibration offset of the power supply, tiny current leaks in the high impedance

filters and thermal contact potential build between 300 K area and 4 K area of the setup. The

geometrical offsets ∆li is caused by machining errors and mounting tolerances of the apparatus.

The magnitude of voltage divider F4 is caused by the parallel resistance of the detection system

connected to the correction electrode. By considering these offsets, the potential loses it’s symmetry

and this causes the axial position shift of the particle.

Length

V1 =0 

V2

V3 

V4

V5 =0

l1 > 30mm

l2 = 3.53mm

Voltage

endcap

correction
ring

correction

endcap

l3 = 1.13mm
l4 = 3.53mm

l5 > 30mm

Offset parameter

ΔV1

ΔV5

ΔV4 , Δl4 ,F4V4

ΔV3 , Δl3

ΔV2 , Δl2

d = 0.14mm

Electrode a = 4.5mm

Figure 4.3 The penning trap for the cyclotron detection system consists of one ring electrode

at the center, two correction electrodes adjacent to both sides and two grounded endcap

electrodes at both ends. Vi is the applied voltage and li is the length of each electrode. The

trap diameter is 2a = 9 mm and each electrodes are spaced by sapphire rings to fix the

inner distance of the electrode to d = 0.14 mm. The offset parameter corresponds to the

voltage offset ∆Vi , geometrical offset ∆li and the magnitude of voltage divider Fi. Since

the length of the endcap is more than 30mm, the the geometrical offsets ∆l1 and ∆l5 are

negligible. Furthermore, most of the voltage divider are known as negligible by the leak

current measurement, except F4 caused by the detection system. [13]

4.1.2 Voltage adjustment

In BASE, the free cyclotron frequency νc is measured by tuning the axial frequency of the particle

νz to resonance with the axial detection system ν0 and performing sideband coupling spectroscopy

[13], explained at section 2.3.2. Here the tuning of the axial frequency is discussed. The axial
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frequency of the trapped particle is defined as

νz =
1

2π

√
2C2V3

q

m
(4.2)

where V3 is the voltage applied to the ring electrode and 1/
√
C2 is a trap specific length. This

axial frequency is tuned to the resonance frequency (ν0 = 645 262 Hz [13]) and therefore it requires

the voltage adjustment for different particles, practically the voltage difference between antiproton

and H− ions is at 5 mV out of about 5 V. At the measurement of BASE, the H− ion, a proton

combined with two electrons, is used instead of proton for the the charge-to-mass ratio measurement

comparing to the antiproton. This is to match the polarity and to avoid large change of the voltage

adjustment.

When comparing charge-to-mass ratio of H− ion to the antiproton, the mass difference need to

be considered which is

mH− = mp(1 + 2
me

mp
− Eb

mp
− Ea

mp
+

αpol,H−B2
0

mp
). (4.3)

me/mp is the mass ratio of electron to proton [45], Eb is the binding energy [46], Ea is the electron

affinity of Hydrogen [47], and (αpol,H−B2
0) is the term of polarizability shift [48]. From this mass

difference and Eq.(4.2), the adjustment of the ring voltage for each particle is required. Therefore,

considering with the trap potential asymmetry, the axial positions of the proton and H− shift from

the center and the position difference is about 30nm. Details are illustrated in Figure 4.4.
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Figure 4.4 The trap potential difference which is tuned for the antiproton and the H− ion.

For the ring electrode, V3 = 4.664499 V is used at the q/m measurement for antiproton, and

for the H− ion the voltage was adjusted as H− ion as (V3,H− − V3,p) = ∆V3 = 0.005003 V

[13]. From the negative polarity of the particle, the positive potential maximum decides the

position of the particle. The dashed lines are the ideal trap potentials which is calculated by

Eq.(2.14) and the solid lines are the potentials which the offsets are added. (a) is the trap

potential graph of the scale of ±1 mm and (b) is a expansion of that at ±100 µm scale. The

blue line (z ∼ 20 µm) corresponds to the shift of the potential maximum when the offsets

are considered, comparing to the ideal potential. From further calculation, the axial position

difference of antiproton and H− ion is (zp − zH−) ∼ 30 nm.

4.1.3 Homogeneity of the magnetic field

From the beginning assumption of the completely identical magnetic field and from Eq.(4.3), the

ratio of cyclotron frequency of antiproton and H− ion is theoretically calculated as

Rtheory =
νc,p
νc,p

=
(q/m)p
(q/m)H−

= 1.001089218754(2). (4.4)

However in reality the magnetic field is inhomogeneous, and moreover the axial positions of the

antiproton and the H− ion are different, which was discussed in the previous subsection. Therefore,

by considering the magnetic field as a function of the axial position, the experimental value needs

to be evaluated as

Rexp =
(q/m)p
(q/m)H−

B(zp)/2π

B(zH−)/2π
. (4.5)

The inhomogeneous magnetic field can be described in linear approximation as B(z) = B0 + B1z

which B0 = 1.945 T and B1 = −7.58(42) mT/m and higher order coefficients can be negligible [13].
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Therefore the the systematic shift of the cyclotron frequency ratio can be calculated as

(
∆R

R
) =

B1∆z(∆V3)

B0
. (4.6)

In previous BASE charge-to-mass ratio measurement the B1 and ∆V3 was determined and the

systematic correction of the Rexp was -114 p.p.t.. However the uncertainty of the systematical

correction still remained as 26 p.p.t. [13], which is impossible to suppress in any statistics. Therefore

to measure the charge-to-mass ratio with higher precision, a tunable axial detection system will be

an alternative and desirable. This is discussed in the next section.

4.2 Tunable axial detection system

The idea of the voltage adjustment of the ring electrode was to tune the axial frequency νz of

the particle to a certain resonance frequency νres of the axial detection system, and the systematic

shift of the charge-to-mass ratio measurement was mainly caused by this voltage adjustment ∆V3

between antiprotons and H− ions. The concept of the tunable axial detection system is do the

opposite procedure, which means to tune the resonance frequency to each axial frequency without

adjusting the voltage. From this idea the effective axial position will not be changed by the ring

voltage adjustment (∆z(∆V3) = 0) and therefore the systematic shift which was discussed will be

suppressed by this method.

The resonance frequency is decided by the inductance and the effective parallel capacitance of

the detection system

νres =
1

2π

√
1

LCeff
(4.7)

which L is the inductance of the resonator and Ceff is the effective parallel capacitance. As the

inductance is a constant due to the resonator, the effective parallel capacitance can be the only

variable to tune the resonance frequency. Figure. (4.6) shows how the whole setup of the tunable

axial detection system will be. The main point of this setup is, the varactor is connected parallel to

the axial detection system so that the effective parallel capacitance of the whole detection system

is tunable as

Ceff = Cp +
CvCin,v

Cv + Cin,v
(4.8)

when considering only the capacitanace of resonator and the varactor circuit, for simplicity. Cp

is the parallel capacitance of the resonator, Cv is the tuned capacitance of the varactor itself and

Cin,v is the input capacitance applied mandatory to the varactor circuit. By tuning the Cv and
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selecting the proper Cin,v, the resonance frequency νres can be tuned to the range which matches

to the axial frequency of the antiproton and the H− ion.

Figure 4.5 The whole setup of the tunable axial detection system.

The important component of this system, the varactor, is a p-n junction diode which acts as a

voltage-controlled variable capacitor. In general the equation of the capacitance between two plates

with area S distance d between the material with permittivity ε is

C = ε
S

d
(4.9)

and this is also applicable to the varactor. When the varactor is reversed-biased, the distance of

the p-channel area and the n-channel area will be separated and the thickness of the depletion

layer d will increase and the varactor capacitance Cv will decrease by this. Once such a varactor is

connected in parallel to the detection system, this makes its overall resonance frequency adjustable.

dn p

e-
e-

e-
dn p

e-
e-

e- +

(a) (b)

+

+

+

+

+

Figure 4.6 The p-n junction of the varactor. When the reversed-biased voltage increase, the

free electron in the n-channel and the holes in p-channels will be separated. In that way the

depletion layer d increases and the capacitance decreases by increasing the voltage.

For the detection system, a gallium arsenide (GaAS) hyperabrupt junction varactor MA46H072
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(MACOM) is selected because of the wide capacitance tuning range and the high quality factor. In

fact MA46H072 is used for the cyclotron detection system of the BASE apparatus [49]. However

the problem is that the effective parallel resistance of the entire detection system will decrease due

to the varactor as

Reff =
RpRp,v/κ

2
l

Rp +Rp,v/κ2
l

(4.10)

where Rp is the parallel resistance of the resonator, Rp,v is the parallel resistance of the varactor

and κl is the coupling factor due to the inductance (explained in Chapter 5). This resistive loss is

harmful in high precision measurement because it will lead to the Q-value loss

Q =
Reff

2πν0L
, (4.11)

which relates to a loss of sensitivity of the detection system.

Therefore, to proof the feasibility of using the MA46H072 varactor for the axial detection system,

this should fulfill the requirements as follows:

• The tuned resonance frequency range covers the axial frequency of antiproton and H− ion

(∆νz ∼ 340 Hz difference out of νz ∼ 645 kHz, calculated from the mass difference)

• It should induce small resistive losses compared to the setup without varactor

• Appropriate and reliable functioning at cryogenic temperature (∼ 4 K) should be demon-

strated

By considering these factors, the varactor is tested with the resonator in cryogenic temperature and

the results are written in Chapter 6.
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Chapter 5

The principles of the axial

detection system

Besides the traps and a stable superconducting magnet, highly-sensitive superconducting detec-

tion systems form the major part of each high precision Penning trap experiment. Such detection

systems are formed of a superconducting resonator and low-noise amplifiers, with the purpose of

amplifying the fA-order image currents and extract the eigenfrequency information with high sen-

sitivity and low noise. Moreover for the tunable axial detection system, suggested in the previous

chapter, the varactor is installed in parallel to the detection system. Here the mechanism and the

development of the axial detection system are explained from parts. The main principle of the axial

detection system is based on [38], [50] and [51].

5.1 Resonator

5.1.1 Equipment

For the axial frequency measurement an axial detection resonator is attached in each trap. In

BASE we use two small resonators (d = 41 mm) and two big resonators (d = 48 mm), located

in the cryogenic region of the experiment, outside of the trap can but as close to the trap as

possible. Figure 5.1 shows the schematic ofthe detection electronics segment, which is installed

in the cryogenic part of the experiment. Details of the resonator designs are described in [38].

The axial resonator which is used for the measurement in this thesis is the big size resonator with

d = 48 mm diameter.
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Figure 5.1 The electronic segment so called ”trap can”, which houses two small size (d =

41 mm) and two big size (d = 48 mm) detection systems for the axial frequency measurement,

and two detection system for the modified cyclotron frequency measurement [26].

Figure 5.2 shows the schematic of the big axial resonator. The axial resonator is composed of

a toroidal superconducting coil, a polytetrafluoroethylene (PTFE) core, two PTFE holders and a

cylindrical metal housing. The toroidal geometry of the coil is to confine the magnetic field within

the inductor and to reduce resistive losses induced by the stray magnetic field. The coil is made out

of type II superconducting NbTi wire because of its superconductivity in cryogenic temperature

(Tc = 9.3 K) and this material has high critical field strength, which enables to install the resonator

inside the 1.945 T superconducting magnet at the BASE apparatus. The coil is wound on the

PTFE core and the winding number is N = 1200. The windings are covered by tightly fixed PTFE

tapes which has a low dielectric loss tangent tan(δ) = 10−4. This enables good thermalization,

which is critical for superconducting devices. The most specific part of the axial resonator is the

existence of a third end branched from the coil, which is called tap end. The position of the tap is

crucial for the final parameters of the detection system, as explained in section 5.1.2.
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Figure 5.2 The schematic of the resonator composed of coil, PTFE holder, and the metal

housing. The NbTi coil is packed inside the PTFE holder and the metal housing to make a

good thermal contact. The coil has three ends, hot and cold end at the terminal and the tap

end branched from the coil. The ends of the coil has a good soldering joint connected to the

copper wires by the lead solder which makes a good thermal contact in cryogenic temperature.

5.1.2 Mechanism

The superconducting coil for the axial resonator is composed of three ends, hot, cold and tap.

The hot end, the input part of the resonator, is connected to the Penning trap. The cold end is

connected to the ground. The most important part, the tap end is branched from the coil and

connected to the amplifier. Figure 5.3 is the equivalent circuit of the resonator and shows the

positions of its three ends. The equivalent LCR parallel circuit consists of inductance of the coil L,

the parallel capacitance Cp and the parallel capacitance Rp. N1 and N2 are the winding numbers

of the coil between cold-tap ends and tap-hot ends.
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Figure 5.3 The resonator can be expressed equivalent as a LCR parallel circuit of an induc-

tance L with a parallel capacitance Cp and a parallel resistance Rp. In the axial detection

system, the branched tap end divides the coil as N1 times winding between cold-tap ends and

N2 times winding between tap-hot end. This provides a coupling factor of the inductor as

κl = N1/(N1 +N2).

As the resonator acts as a LCR circuit, the resonance frequency can be expressed as

ν0 =
1

2π
√
LCp

(5.1)

with the quality factor of the resonator, Q-value as

Q =
Rp

2πν0L
. (5.2)

The reason of making a tap end on the resonator is to set a coupling factor between the resonator

and the amplifier, and to tune the performance parameters of the detection system. The coupling

factor of the inductor due to the tap position is expressed as

κl =
N1

N1 +N2
. (5.3)

As the position of the tap matters to the performance parameters of the detection system, this

should be selected carefully and already be considered when manufacturing the device. The coil

which is used for the measurement in Chapter.6 had the coupling factor κl = 0.24.

5.1.3 Q-value loss by the metal housing

The Q-value in the Eq.(5.2) represents the loss mechanism of the parallel resistance dissipation.

However the loss mechanism also exists between the coil and the metal housings of the resonator.
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The resonator used in the axial detector is made of the toroid coil, however when the turn of the

wire is uneven, some magnetic field lines will leak out of the coil. This magnetic field leak induces

the eddy current in the metal housing. Therefore the energy and the Q-value loss by the eddy

current are due to the resistance of the housing material. Details of the loss mechanism of the

resonator are described in [53].

In the experiment in Chapter 6, superconducting NbTi housing and oxygen-free copper housing

are tested. In BASE experiment NbTi housings were used for the axial detection system by low

Q-value loss due to the eddy current, however the thermal conductivity of NbTi is low that it

is difficult to cool to liquid helium temperature without additional thermal conducting material,

such as copper braids . One solution to the thermal conductive problem is to use the OFH copper

housing. This has a high thermal conductivity, however the inertial resistance is higher than

superconducting NbTi housing. Therefore, to install the resonator with the copper housing, this

needs to be evaluated whether it possess a sufficient Q-value for the detection system.

5.2 Amplifier

As the axial detection system is required to detect and amplify the fA-order image current induced

by the charged particle oscillation, the amplifier should work in cryogenic temperature with high

sensitivity and low equivalent input noise from en.

5.2.1 Dual-gate MES-FET

For the requirement of the low equivalent input noise, n-channel dual-gate GaAs Metal Semicon-

ductor Field Effect Transistors (MES-FET) are appropriate and used for the cryogenic amplifier

circuit of all detection systems for the BASE experiment [50]. Figure 5.4 shows the schematic.

the gate electrodes and the semiconductor of MES-FETs form a Schottky junction. In particular,

GaAs MES-FETs are known as they work under cryogenic temperature due to the small band gap

of GaAs [54] [59] [60].
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Figure 5.4 The schematic of n-channel dual-gate MES-FET. The gate electrodes and the

semiconductor form a Schottky junction. By the application of a negative voltage to the

gates, the depletion regions are formed and therefore the drain-source current in controlled.

L is the length of the gate channel. The schematic is not based on proper scale.

In the operation of the n-channel FET, the drain-source current is controlled by the negative gate

voltage. When the gate voltage is 0 V and the drain is biased, a current will flow from drain to

source. When a negative voltage is applied to the gate, the depletion layer of the Schottky junction

increases, and thereby the drain current decreases. Therefore the n-channel MES-FET behaves like

a voltage controlled resistor with a large transconductance.

The reason of MES-FET which has dual-gate is used to reduce the 1/f noise S1/f [V2/Hz] which

is expressed as follows [55]:

S1/f =
qµnαHIDVDS

g2mL2

1

f
= Af

1

f
(5.4)

where q is the electron charge, µn is the electron mobility, αH is the experimental Hooge’s factor,

ID is the drain current, VDS is the drain-source biased voltage, gm is the transconductance, and L

is the gate length [55][56][57]. This equation shows that the 1/f noise depends inverse to the gate

length of the FET. Moreover, the interconnection of the Gate is known that this will make the FET

equivalent to the single gate FET which has a doubled gate length 2L and reduce the equivalent

input noise of the FET [55]. From the Equation (5.4) , this method will reduce the coefficient

of the 1/f noise in theory. To introduce this to the axial detection system at the BASE setup,

the MES-FET with gate1-gate2 shorted and disconnected amplifier circuit is tested in cryogenic

temperature. The results and evaluation are discussed in Chapter 6.
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Figure 5.5 The schematic of n-channel dual-gate FET with (a) Gate1-2 disconnected and

(b) Gate1-2 shorted. By the interconnection of the gates, the device becomes equivalent to

single-gate FET with a doubled gate length 2L. In this way, the equivalent input noise due

to the 1/f noise is less than (a). Again the schematic is not based on proper scale.

5.2.2 Common-source and source-follower circuit

The amplifier is based on two stages, a common-source circuit for the input stage and a source-

follower circuit for the output stage. Figure 5.6 shows schematics of the two different circuit types.

(a) Common-source circuit (b) Source-follower circuit

Figure 5.6 The schematics of the input and output FET stages of the amplifier. (a) is the

common-source FET circuit used in the input stage which has a high gain but high output

impedance. (b) is the source-follower FET circuit used in output stage which has no gain but

low output impedance. By the connection of the circuit (a) and (b), the amplifier enables

to have a high gain with low output impedance which can match the impedance to the FFT

analyzer. For easiness, single gate FETs are used in this schematic.

The common-source circuit is a FET circuit with a input signal and a output signal connected
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to the gate and the drain, respectively while the source is usually grounded. As the FET is n-

channel MESFET, the gate biased voltage (VG) needs to be negative to operate the FET. By the

character of the FET, the drain current (ID) can be expressed by the gate-source voltage (VGS)

and transconductance (gm) as

ID = gmVGS . (5.5)

In this case, the gate-source voltage is same as input voltage (VGS = Vin). As the output phase is

opposite to the input, the output signal can be expressed as

Vout = RDID = −RDgmVin (5.6)

and the gain of the circuit is derived as

A = Vout/Vin = −RDgm (5.7)

Therefore, this circuit can obtain a high gain, which is essential for detecting the fA-order image

current. However this circuit also has an output impedance (Vout/Iout = RD). From Eq.(5.6),

R needs to be a big resistance to obtain a high gain, and as a result this disables the impedance

matching to the FFT analyzer which has the 50Ω input impedance.

The source-follower circuit, which is also called the common drain circuit, is a FET circuit which

input connected to the gate and output connected to the source while the drain is biased by a stable

voltage. In this circuit, the output voltage is expressed as

Vout = RSID. (5.8)

By Equation (5.5) the drain current in this case is

ID = gmVGS

= gm(Vin − Vout) (5.9)

Therefore, the gain of the source-follower circuit is derived from Eq.(5.8) (5.9)

A = Vout/vin

=
RSgm

RSgm + 1
∼ 1 (RSgm >> 1) (5.10)

which means that there is no gain by the source-follower circuit. However, this also has a low

output impedance. This can be shown explicitly by considering a signal (v) applied to the output

with the grounded gate as Figure 5.7.
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Figure 5.7 The source-follower circuit with a signal (v) applied to the output.

As the drain current is ID = gmVGS = gmv, the output impedance becomes

Rout = v/ID =
1

gm
(5.11)

and this enables to match the impedance with the 50Ω input impedance of the FFT analyzer. The

idea is referred from [58]. Therefore, the combination as the common-source circuit for the input

stage and the source-follower circuit for the output stage is efficient to obtain a high gain with a

low input impedance matches to the FFT analyzer.

5.2.3 Amplifier circuit

The amplifier is based on the input stage FET for the amplification and the output stage FET

for the source following. The schematic of Figure 5.8 is assembled on a high quality PTFE based

laminated printed board. This printed board has a low loss tangent tan δ ∼ 10−4 at cryogenic

temperature [61]. The specific points of this amplifier are following.

• NE25139 (NEC) or 3SK164 (SONY) is used for the common-source circuit in the input stage

FET, and CF739 (Infineon) are used for the source-follower circuit in the output stage FET.

• 100MΩ resistance is for preventing the reduction of the effective parallel resistance Reff .

• The drains are biased with small resistor to provide a necessary drain current.

• At the input port, a coupling capacitance Cin is applied. This capacitance decides the

coupling factor κc.

• At the input stage FET, gate2 (G2) can be selected as shorted to Gate1 (G1) or disconnected.
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Figure 5.8 Amplifier circuit schematic for the axial detection system. The circuit has 2 signal

ports and 4 biasing ports for the amplification. FET is formed of input stage FET which can

choose the Gate1-Gate2 shorted or disconnected, and output FET act as the source follower.

The circuit design is modified from the original design [50].

As an equivalent circuit, this can be represented as an ideal amplifier with an parallel resistance

(Ramp and an capacitance Camp with a coupling capacitance Cin. The equivalent circuit of the

axial detection system is described at Figure 5.9. The coupling capacitance is to decide the value of

the coupling factor, the factor which is related to the capacitance of the amplifier which is expressed

as

κc =
Cin

Cin + Camp
. (5.12)

With this coupling factor and the coupling factor by the inductance in Equation (5.3), the effective

parallel resistance can be described as

Reff =
RpRampκ

−2
l κ−2

c

Rp +Rampκ
−2
l κ−2

c

(5.13)

and the signal-to-noise ratio SNR [dB]

[SNR]dB = 20 log10

(√
4kBTReff × κlκc

en

)
(5.14)
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Figure 5.9 The equivalent circuit of the resonator and amplifier. The resonator is equivalent

to LCR parallel circuit and the amplifier can be expressed as a ideal amplifier with a parallel

resistance Ramp, a parallel capacitance Camp and a coupling capacitance Cin. The position of

the tap and the coupling capacitance effects to the coupling capacitance and decides the value

of effective parallel resistance and the signal-to-noise ratio as Eq.(5.13) and (5.14).

5.3 Varactor system

To tune the resonance, the varactor board is connected parallel to the detection system. This

board behaves as a variable parallel capacitance Cp,v. This relates to the tuning of the resonance

frequency as

ν =
1

2π
√
L(Cp + Cp,v)

. (5.15)

The parallel capacitance is decided by the varactor capacitance Cv and the equivalent input capac-

itance Cin,v as

Cp,v =
Cin,vCvκ

2
l

Cin,v + Cvκ2
l

(5.16)

By selecting the equivalent input capacitance carefully, The range of the resonance frequency can

be controlled. Also the coupling capacitance can ddecide the coupling factor due to the varactor

capacitance as

κc,v =
Cin,v

Cin,v + Cv
(5.17)

In the measurement at the next chapter, Cin,v = 4.7 pF and 2.2 pF are used.
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Figure 5.10 The schematic of the varactor board. ”Varactor Output” is connected to the

detection system parallel and ”Varactor Bias” is connected to the outer voltage source. As

the varactor anode is grounded, the varactor behaves as a tunable capacitance by the reversed

positive biased voltage. 100 MΩ resistance is connected to the varactor bias to prevent the

reduction of the effective parallel resistance Reff .

Figure 5.11 The equivalent circuit of the tunable axial detection system, which the Penning

trap, resonator, varactor and the amplifier is connected.

By the parallel connection of the varactor to the axial detection system, the overview of the axial

detection system will be as Figure 5.11. In this setup, the effective parallel resistance is decided by

the parallel resistances of the components and the coupling factors κl, κc and κc,v as

1

Reff
=

1

Rp
+

1

Rp,v
κ2
l κ

2
c,v +

1

Ramp
κ2
l κ

2
c (5.18)
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The one of the criteria to introduce the varactor in the axial detection system is to have a less Reff

loss by the parallel resistance Rp,v, which is sufficient to the measurement.
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Chapter 6

Evaluation of the tunable axial

detection system

Before installing the new axial detection system to the BASE experimental setup, it needs to be

characterized under a condition which is identical to that of the main experiment. The main issue

is the feasibility at cryogenic temperature, which is not self-explanatory from the room temperature

measurement. In this chapter, first the setup for the cryogenic test is explained, and then the results

and the evaluations of the cryogenic tests are discussed from each part, and finally the measurement

of the whole detection system setup is discussed in the last section.

6.1 Setup for the cryogenic test

All parts of the detection system are tested at cryogenic temperature by using a cryogenic test

setup which is driven by a pulse tube cooler (Sumitomo GM) (see Figure 6.1). For data-taking,

different radio-frequency instruments are used, such as a network analyzer (E5061B, Agilent) and

a spectrum analyzer (FSVR2, R&S). The biasing voltage are supplied by a controllable BS1-10

precision voltage source (Stahl-electronics). From the next section, the results of the cryogenic test

for the resonator, the amplifier and the varactor are presented and the entire setup of the tunable

axial detection system is discussed in the last section.
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Figure 6.1 The equipment for the cryogenic temperature test, so called coldhead. The left

picture is the overview of the coldhead. The right side schematic is the overview of the

cryogenic test setup inside the thermal shield. A pulse tube cooler with two stages, RF lines,

a bias voltage pinbase are mounted inside the vacuum chamber. At outside the connection

lines for the RF, voltage bias, thermometer and filter boards are attached.

6.2 Resonator test

6.2.1 Material of housing

In the beginning of my master project, resonator housings in different materials have been tested,

one made out of niobium titanium (NbTi) and another one made out of oxygen-free copper. The

benefit of using the NbTi is the superconductivity which appears below the critical temperature of

Tc = 9.1 K which has small resistive losses and a high Q-value. However the thermal conductivity

is low that it is difficult to cool down below the phase transition. So far in BASE experiment,

superconducting resonator housings are used [38]. However, because of the low thermal conductivity,

these housings require additional thermal conducting material, such as copper braids, which are

wrapped around the housings. This approach takes space inside the cryogenic setup which could

be available for additional cryogenic electronics. Moreover it complicates the assembly, which

might increase a possibility to cause an electrical short by the parts of the braids. Therefore,

constructing the housings without wrapping copper braids would facilitate the assembly of the
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cryogenic experiment and would free the space for additional cryogenic electronics. Therefore, one

strategy to avoid the low thermal conductivity of NbTi housing is changing the housing to a high

thermal conductive material, the oxygen-free copper instead. By using the copper housing, the

cooling problem will be solved by its high thermal conductivity. However, one of the reason of

the energy loss is by eddy currents at the housing skin, the resistance of the housing material

matters to the Q-value loss [53]. As copper is a conductor the Q-value loss will be bigger than

the superconducting NbTi housing in cryogenic temperature, which means there is a possibility

to reduce the precision of the experiment. Therefore, to install the copper housing to the BASE

experiment, the copper housing resonator needed to be tested to prove that theQ-value is sufficiently

high to achieve single particle detection efficiently.

The resonator is tested as Figure 6.2 in the cryogenic test setup and read-out by the network

analyzer. Since a resonator is equivalent to a parallel LCR circuit, the inductance (L), the parallel

capacitance (Cp) and the parallel resistance (Rp) are derived by the resonance frequency (ν0) and

the Q-value (Q) as

ν0 =
1

2π
√
LCp

(6.1)

Q =
Rp

2πν0L
. (6.2)

At the test, ν0 and the Q of the both NbTi and copper housing resonators are measured with the

same NbTi toroid coil inside.

Figure 6.2 The setup of the test of the resonator measured by the network analyzer. The

signal from the network analyzer is sent to the RF input line, which is coupled to the res-

onator’s hot end. The resonated signal is picked up from the RF output line coupled to the

tap end and sent back to the network analyzer. In this way the resonance frequency and the

Q-value is measured.
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To measure the inductance and the effective parallel capacitance of the resonator, the resonance

of the free resonator and the resonator with an additional capacitance (C ′) is measured. By solving

the simultaneous equation

ν0 = 1/
√
LCp

ν′0 = 1/
√
L(Cp + C ′). (6.3)

For the additional capacitance, C ′ = 10 pF was used. From this measurement, the Inductance

of the resonator L = 2.98 mH was obtained. This value is consistent to the calculation of the

inductance of toroid coil with a total winding number N ≈ 1200 as L ≃ 3.0 mH which the equation

is

L = µ0
h(R− r)

2πa
N2 (6.4)

where µ0 is the permeability of vacuum, h, R and r are the height, outer radius and inner radius

of the toroid, and a is the distance from the center of the toroid to the center of the tube, respec-

tively. Subsequently, the parallel resistance is decided by the Q-value information and the known

inductance. The results of the measurement are summarized in Table 6.1

Table 6.1 Results of the resonator with NbTi and copper housing

Material Resonance (kHz) Q-value Cp(pF) Rp(MΩ)

NbTi 700 70000 17.1 959

Cu 840 61000 11.9 917

By comparing the results of Q-values and parallel resistances, the effect of the resistive loss caused

by the copper housing comparing to the NbTi housing can be evaluated. However this was small

compared to the losses which will eventually be induced by coupling resonator to the amplifier. Also

the parallel capacitance difference was observed. The parallel capacitance of the resonator is caused

by the stray capacitance between wires of the coil, the coil to the PTFE core, and the coil to the

housing. From these evaluations, copper housing satisfied the requirement for the axial resonator.

Therefore, since the easiness of thermalization and the sufficient Q-value, copper housing resonator

is used for the new axial detection system. After this test, every following test is performed with

the copper housing resonator.

6.2.2 Installation of the dummy trap

Next the copper housing resonator is tested with the dummy trap, which is a cylindrical Penning

trap, similar to the ones used in the main experiment. This trap adds an additional parallel
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capacitance Ctrap with high intrinsic quality factor of the system. Figure 6.3 shows the setup of

the resonator test and its equivalent circuit. This leads to a reduction of the resonance frequency

as ν0 = 1/2π
√
L(Cp + Ctrap).

N1

Cp

N2

Input

Output

Network analyzer

Dummy trap

RpCtrap

N1

Rp

Cp

N2

Input

Output

Network analyzer

Dummy trap

(a) (b)

Figure 6.3 The equivalent circuit of the resonator test with the dummy trap. The trap

installed resonator (a) can be interpret as (b) an additional capacitance Ctrap with a high

intrinsic quality factor.

The measured resonance and the Q-value are summarized in Table 6.2. From the result of the

resonance frequency, the capacitance of the Dummy trap is calculated as 12.6 pF. Also the Q-value

Table 6.2 Results of the copper housing resonator with the dummy trap

Setup Resonance (kHz) Q-value Cp(pF) Rp(GΩ)

Resonator 840 61800 11.9 0.98

Resonator + Dummy trap 589 117900 24.5 1.30

had a remarkable change. This is caused by the almost ideal trap capacitance with an extremely

high quality factor, which means a capacitor with a negligibly small residual resistance. This causes

the current flow to the trap and the residual resistance of the capacitance has less resistive loss and

eventually leads to the increase of the Q-value. Figure 6.4 shows the principle.
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Figure 6.4 The resonator can be considered as a inductance and a capacitance with a series

resistitance Rs as the Figure (a). By considering as this, the resistive loss is decided by the

series resistance and the current flowing to the resistance. However by installing dummy

trap, a capacitance with a negligibly small series resistance like Figire (b), the current flows

to dummy trap and the resistive loss by the resonator will decrease. Therefore, the Q-value

increases at the measurement by installing the dummy trap.
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6.3 Varactor test

The varactor is tested with the resonator and the dummy trap, and measured by the network

analyzer (see Figure 6.5). The resonance frequency ν0 is tuned by the parallel capacitance of the

varactor Cp,v, the coupling capacitor Cin,v and the varactor capacitance Cv as

ν0 =
1

2π
√

L(Cp + Cp,vκ2
l )

(6.5)

Cp,v =
Cin,vCv

Cin,v + Cv

where κl = N1/(N1 +N2) is the coupling factor of the inductor defined by the tap position. The

biased voltage is controlled by the voltage supply at −1 V ∼ 10 V range and the input capacitance

is tested with 4.7pF and 2.2 pF.

Figure 6.5 The system of the varactor test with the resonator and the dummy trap, measured

by the network analyzer.

The requirements of the performance are following.

• Sufficient tuning range (∆ν0) for the charge-to-mass ratio measurement

• Less resistive loss by the parallel resistance of the varactor Rp,v

• Appropriate and reliable functioning at cryogenic temperature

Since every detection system for the Penning trap is working at cryogenic temperature, the first is

criteria is of course necessary. The sufficient tuning range for the second criteria is ∆ν0 > 340 Hz

out of 645 kHz resonance frequency, which is the value of the axial frequency difference between

antiproton and H− ion. The third criteria is also significant since the resistive loss in the varactor
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causes a Q-value loss in the detector and in that way the sensitivity of the detection system is

reduced. Considering these three requirements, the varactor board is first tested only with the

free resonator, in order to characterize its effective parallel resistance, and then tested with the

resonator and the dummy trap.

6.3.1 Component testing

The varactor was tested first by connecting it to the copper housing axial resonator. This is to

check the range of the frequency shift by the applied voltage and to estimate its resistive loss . The

coupling capacitance of the varactor circuit Cin,v was also evaluated to choose the frequency tuning

range. Two capacitance values, 4.7 pF and 2.2 pF were tested. Figure. 6.6 shows the result of the

resonance frequency shift. The initial resonance frequency in this measurement before loading the

varactor was 849 kHz.

Figure 6.6 As the resonance frequency is dependent to the effective parallel capacitance, this

shifts by the shift of the varactor capacitance which is tuned by the biased voltage. Therefore,

the resonance frequency is also tuned as a function of bias voltage. The black points show the

results of the 4.7pF coupling capacitance and the red dots show the result s of the 2.2 pF.

From the result, the resonance frequency ν0 varies by the varactor capacitance and the coupling

capacitance. By comparing the value of ν0, the result of Cin,v = 4.7 pF had a smaller value and

wide range of the ∆ν0 than the case of Cin,v = 2.2 pF. This is consistent to the Eq.(6.5). From

the measurement, the capacitance of the varactor Cv varied from 7.6 pF to 0.1 pF by increasing



Chapter 6 Evaluation of the tunable axial detection system 55

the varactor bias voltage from −1 V to 10 V. This result is also consistent to the explanation of

section 4.3.

In the case of the experiment, there are other components which possess additional parallel

capacitance such as the trap, sapphire feedthroughs, etc.. Table 6.3 shows the results of the tuning

range ∆ν0 measured by the test and the estimation including the other capacitances. By considering

other capacitances, the resonance tuning range at both coupling capacitances wide enough to cover

the minimum required axial frequency difference (νz,p − νH−) = 340 Hz.

Table 6.3 The results of the varactor testing

Cin,v(pF) Tuning range ∆ν0 (kHz) estimated ∆ν0 (kHz)

4.7 5.8 1.4

2.2 2.3 0.6

Next, the Q-value of the resonance was measured. From that result, the effective parallel resis-

tance Reff,v are evaluated as,

Reff.v = 2πν0LQ (6.6)

Figure 6.7 shows the results of the effective parallel resistance.
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Figure 6.7 The effective parallel resistance of the circuit which resonator and varactor are

connected parallel. The effective parallel resistance is decided by the measurement of resonance

frequency and the Q-value as Reff = 2πν0LQ. The black plots and line represent to the result

of the 4.7 pF coupling capacitance and the red plots and lines are those of the 2.2 pF input

capacitance. The red and black lines are the linear fitting of the effective parallel resistance

and the green line is the parallel resistance of the resonator which the varactor is unloaded.

Here the resolution is bad because of the bad resolution of the Q-value measurement, however

a linear fitting slope of the Reff were observed in both cases.

The effective parallel resistance of the resonator with the varactor is described as,

Reff,v =
RpRp,vκ

−2
l κ−2

c,v

Rp +Rp,vκ
−2
l κ−2

c,v

(6.7)

where Rp,v is the parallel resistance of the varactor and κc,v is the coupling factor due to the

varactor

κc,v =
Cin,v

Cin,v + Cv
. (6.8)

The results of Figure 6.7 can be interpreted by Eq.(6.7) and Eq.(6.8). When the coupling capaci-

tance Cin,v is increased, the coupling factor κc,v increases and eventually Reff,v decreases. This is

shown as Reff,v reduction of Cin,v = 4.7 pF case comparing to 2.2 pF case. On the other hand, the

negative slope of the Reff,v is due to the decreased Cv which increases the coupling factor κc,v.

From the result of the effective parallel resistance, the dip width of the single antiproton can be
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estimated as

∆νdip =
1

2π

Reff

mp

q2

D2
(6.9)

where mp and q are mass and charge of the antiproton and D is the geometrical scale of the trap.

Here the total effective parallel resistance Reff is the resistance adding the parallel resistance of

the amplifier Ramp to Reff,v, in that case this will be as follows,

Reff =
Reff,vRamp/κ

2

Reff,v +Ramp/κ2
(6.10)

where κ is described by the coupling factor of the inductor and the amplifier’s capacitance

κ = κlκc = (
N1

N1 +N2
)(

Cin

Cin + Camp
) (6.11)

and the dip width is calculated as 5.7 Hz in 4.7 pF input capacitance and 6.1 Hz in 2.2 pF input

capacitance, comparing to 6.5 Hz in the varactor unloaded case. In the table below the results and

the evaluations are summarized.

Table 6.4 The results of the varactor testing

Cin,v(pF) Estimated ∆ν0(Hz) Q-value Reff,v(MΩ) dip width (Hz)

unloaded - 61700 980 6.5

4.7 1.4 40800 640 5.7

2.2 0.6 49100 777 6.1

From these result, both 4.7 pF and 2.2 pF input capacitance are sufficient to tune the resonance.

However when comparing the resistive loss, 2.2 pF input capacitance had a smaller result. From

those reasons 2.2 pF is selected for the input capacitance.

6.3.2 Setup with the dummy trap

Next the resonator and the varactor was tested with a cylindrical dummy trap, of similar shape as

the precision trap which is in the same way as the previous test. In this test the setup is similar to

the actual experimental setup, therefore the information on the resonance frequency shift and the

Q-value is important for the evaluation of the detection system whether it satisfies the requirement

of the q/m measurement. For this measurement, the 2.2 pF coupling capacitance is used. The

results of the test are shown in Figure 6.8 and Figure 6.9.
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Figure 6.8 The resonance frequency shift by adjusting the biased voltage of the varactor

installed with a dummy trap. As the parallel capacitance of the dummy trap, the resonance

frequency decreased to 585kHz and the tuning range is 700 Hz, which is sufficient for the

charge-to-mass ratio measurement.

The result of the resonance shift was ∆νz ≈ 700 Hz out of ν0 = 585 kHz. This is more or less

consistent with the calculation from the previous measurement as ∆νz ∼ 600 Hz. This shows that

the result of the resonance frequency tuning range is consistent to the calculation and sufficient to the

charge-to-mass ratio measurement. The Q-value is also measured as a function of the biased voltage.

At this measurement an obvious linear scaling of a function of biased voltage was observed. Figure

6.9 shows the result of this measurement. Comparing to the previous measurement, the precision of

this Q-value measurement improved by making rigid antennas and made a stable coupling between

the RF lines and the resonator. From the results of the fitting, the Q-value and the effective parallel

resistance scaled negatively, same as the measurement without the dummy trap.
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(a) Q-value measurement (b) Reff measurement

Figure 6.9 The (a) Q-value and (b) effective parallel resistance calculated from R = 2πν0LQ

as a function of the varactor biased voltage. The red line is the linear fitting of the data points

and this shows an obvious correlation between resistive loss and biased voltage.

6.4 Amplifier test

For the amplifier, GaAs dual-gate MES-FETs are used for the input and the output stage FET

(See Figure 5.8). The idea of using MES-FETs which have dual-gates is for the reduction of

the equivalent input noise such as 1/f noise, since the gate lengths of the FET correlates to the

equivalent input noise of the amplifier [54]. Moreover explained in the previous chapter, some

previous researches show that the gate shorted dual-gate FETs function as single-gate FET with

a doubled gate length, and thereby reduces the equivalent input noise [55]. To prove this effect,

(a) a amplifier with a gate1-gate2 disconnected and gate2 grounded FET in the first stage, the

”disconnected amplifier”, and (b) a amplifier with a gate1-gate2 shorted FET in the first stage,

the ”shorted amplifier” were tested. Figure 6.10 shows the simple schematic of the shorted and

disconnected amplifier.
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(a) Gate1-Gate2 Disconnected Amplifier (b) Gate1-Gate2 Shorted Amplifier

Figure 6.10 Simple schematic of the amplifier circuit with the Gate1-Gate2 disconnected and

Gate2 grounded FET in the first stage as (a), and Gate1-Gate2 shorted FET as (b). At the

second stage FET, both (a) and (b) have the shorted gate.

For the first stage two types of FETs, NE25139 (NEC) and 3SK164 (SONY) were tested, while

CF739s (Infineon) were used for the second stage FET consistently. These amplifier were tested in

gate1-gate2 shorted and disconnected amplifier. The values of the voltage adjusted to the amplifier

were fixed in a optimum point of the amplifier gain and gate1 voltage is the variable, which is

summarized in Table 6.5.

Table 6.5 The parameters of the voltage adjustment for the amplifier test.

Gate1[V] Drain [V] Source Follower Gate [V] Source Follower Drain[V]

-1 ∼ 0 3 1 3

The amplifier test is performed in two process, first the measurement of the gain Gamp with

a network analyzer (Figure 6.11), and second, the measurement of the equivalent input noise en

with a spectrum analyzer (Figure 6.12). The amplifier gain in this context means the ratio of the

increased output power by the amplifier compared to the input power. The gain is measured by

adjusting the gate1 voltage to find a optimum point with the highest gain.
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Figure 6.11 The gain measurement of the amplifier tested with a network analyzer. The

network analyzer sends the signal to the amplifier and the output signal the gain Gamp is

readout from the network analyzer.

The results of the highest gain and the adjusted gate1 is summarized in Table 6.6.

Table 6.6 The optimum gain of the amplifiers.

Amplifier Gate1 Voltage [V] Gamp[dB]

NE25139 disconnected -0.85 16.9

NE25139 shorted -0.65 11.1

3SK164 disconnected -0.60 14.5

3SK164 shorted -0.40 13.9

The amplifier has two stages of FET, a common source input stage and a source follower output

stage. Assuming that the equivalent input noise and the gain of the input FET as en,1 and Gn,1

and those of the output FET as en,2 and Gn,2, the total amplified equivalent input noise is derived

as

e2nG
2
amp = (e2n,1G

2
n,1 + e2n,2)G

2
n,2 . (6.12)

As the output FET is a source follower FET, its gain is Gn,2 = 1. Therefore, the gain of the whole

amplifier can be assumed as equivalent to the gain of the input stage, and the equivalent input

noise of the amplifier is derived as

en =

√
e2n,1 +

e2n,2
G2

amp

. (6.13)

This equation shows that the lowest equivalent input noise is measured at the optimum point of the

highest gain. For the measurement of the equivalent input noise of the amplifier itself, the input of
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the amplifier is grounded by the connecting a 50Ω terminator to prevent the interference from the

outer signal. The output of the amplifier is connected to the ZFL500LN amplifier (Mini Circuits)

outside the coldhead to increase the signal in the amplitude of GZFL ≈ 30 dB. This amplified

signal is then readout at the spectrum analyzer. Figure 6.12 shows the schematic of the equivalent

input noise measurement of the amplifier.

Figure 6.12 The equivalent input noise of the amplifier is tested with the 50Ω, the ZFL500LN

amplifier and the spectrum analyzer. The equivalent input noise of the amplifier en is first

amplified by the amplifier gain Gamp. Next, the amplified signal enGamp is transmitted to

the ZFL500LN amplifier with an additional equivalent input noise eZFL, then the signal is

amplified by GZFL. When the signal arrives to the spectrum analyzer, its equivalent input

noise eFSV R is added. Eventually the total noise can be described as Eq.(6.14).

From this measurement, the total equivalent input noise etot[nV/
√
Hz] of the setup is measured.

The equivalent input noise of the amplifier en is extracted by the following equation,

e2tot = (e2nG
2
amp + e2ZFL)G

2
ZFL + e2FSV R (6.14)

which Gamp and GZFL are the gain of the amplifier and the ZFL amplifier, eZFL and eFSV R are

the equivalent input noise of the ZFL amplifier and the spectrum analyzer. From the results of

Gamp, etot and individual measurements of eZFL GZFL and eFSV R , the equivalent input noise of

the amplifier en is extracted. The table below shows the result of the highest gain and the lowest

equivalent input noise of the NE25139 amplifier and 3SK164 amplifier in gate1-gate2 shorted and

disconnected circuit. These data are the results at the 600kHz frequency measurement.
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Table 6.7 The table of the gain and equivalent input noise of the amplifier at 600 kHz.

Amplifier Gate1 Voltage [V] Gamp[dB] en[nV/
√
Hz]

NE25139 disconnected -0.85 16.9 0.94

NE25139 shorted -0.65 11.1 0.72

3SK164 disconnected -0.60 14.5 0.88

3SK164 shorted -0.40 13.9 0.51

From these results, the shorted amplifier had a reduction of the gain compared to the discon-

nected circuit. However it had a lower equivalent input noise, which is consistent to the previ-

ous research [55]. Especially the 3SK164 shorted amplifier had the lowest equivalent input noise

en = 0.51nV/
√
Hz with a sufficient gain, this amplifier is used for the the tunable axial detection

system. This is also an improvement from the previous development [50], which had the lowest

equivalent input noise as en = 0.7 nV/
√
Hz in 600 kHz.

To discuss the physical interpretation of the equivalent input noise further, the results need to

be considered in details. Figure 6.13 shows the equivalent input noise of amplifiers as a function of

frequency.

(a) NE25139 amplifier (b) 3SK164 amplifier

Figure 6.13 The results of the equivalent input noise measurement as a function of frequency

from 500kHz to 1MHz in cryogenic temperature. (a) is the result of the amplifier using

NE25139 FETs and (b) is that of using 3SK164 FETs. The black dots are the results of the

Gate1-Gate2 disconnected amplifier and red dots are the results of the Gate1-Gate2 shorted

amplifier.

There are several noise sources for GaAs MES-FETs: thermal noise, shot noise due to the gate
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leakage current, generation-recombination noise (GR noise) in the depletion region, and the 1/f

noise due to the drain current [55]. As the FET is tested in cryogenic temperature, the shot noise

becomes negligible, and, GR noise and 1/f noise become dominant. The GR noise is expressed as

SGR = 4kT
∑
i

ρGR(τi/τ0)

1 + (2πf)2τ2i
(6.15)

where ρGR is effective resistance depending inversely on the gate area, and directly on the deep-

level trap concentration in the depletion region, τi is the charactaristic time constant of the ith

trap and τ0 is a normalizing value [57]. The importance of this equation is that GR noise scales to

the temperature and the effective resistance ρGR related to the depletion region. The 1/f noise is

generated by the Drain-Source current of the FET which scales inverse to the frequency and can

be expressed as

S1/f =
qµnαHIDVDS

g2mL2

1

f
= Af

1

f
(6.16)

[55][56][57]. The coefficients are discussed in previous chapter. From the interconnection of the gates

of the FET, the amplifier can be recognized as the gate length doubled, and applying to Equation

(6.16), the noise density due to 1/f noise S1/f and the constant Af is assumed to be as one fourth

of those of disconnected amplifier. Generally, the equivalent input noise en will be described by the

spectral power density of the GR noise SGR [V2/Hz] and the spectral power density of 1/f noise

S1/f [V2/Hz] as

e2n = SGR + S1/f

= SGR +AfS1/f . (6.17)

The results are fitted by this equation as a function of the frequency and Figure 6.14 and Table 6.8

shows the result of the square root of the equivalent input noise and the fitted result.
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(a) NE25139 amplifier (b) 3SK164 amplifier

Figure 6.14 The noise spectral power density e2n are extracted from the results of equivalent

input noise in the range from 500 kHz to 1 MHz. (a) is the result of NE25139 amplifier

and (b) is the result of 3SK164 amplifier. The black dots are the result of the Gate1-Gate2

disconnected amplifier and red dots are the result of the Gate1-Gate2 shorted amplifier. The

lines are the fitting lines based on constant GR noise and the 1/f noise scales inverse to the

frequency.

Table 6.8 The fitting results of the equivalent input noise measurement.

Amplifier SGR[10
−18V2/Hz] Af [10

−12V2]

NE25139 disconnected 0.46(0.34) 0.316(0.255)

NE25139 shorted 0.010(0.096) 0.348(0.071)

3SK164 disconnected 0.227(0.052) 0.334(0.037)

3SK164 shorted 0.053(0.024) 0.108(0.019)

From the results of Figure 6.14, the fitting shows that the GR noise factor of the equivalent input

noise reduced about 0.3 ∼ 0.4 nV/
√
Hz by shorting the gates. Moreover, the correlation of the 1/f

noise in the 3SK164 amplifier had a reduction of 1/3 by the shorting of the gates. Since data points

are few to have a proper fitting and the 1/f noise is rather dominant in low frequency (∼ 300 kHz),

it is hard to characterize completely of the equivalent input noise from these data sets. However,

still this result shows the effect of noise reduction by shorting the gates.
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6.5 Test of the the axial detection system

For the final measurement, the whole setup of the tunable axial detection system is tested. Figure

6.15 shows the full setup of the tunable axial detection system, composed of the superconducting

resonator, the varactor and the amplifier. In this measurement, the dummy trap, the copper housing

resonator, the varactor with Cin,v = 2.2 pF coupling capacitance, and the 3SK164 shorted amplifier

with Cin = 6.8 pF were used.

Figure 6.15 The equivalent circuit of the tunable axial detection system.

The adjusted parameter of the biased voltage is at the table below.

Table 6.9 The parameter of the biased voltage.

Varactor Bias [V] Gate1 [V] Drain [V] Source Follower Gate [V] Source Follower Drain [V]

-1 ∼ 10 -1∼0 3 1 3

At the measurement, first the amplifier was tested to measure the resonance frequency ν0, Q-value

and the signal-to-noise ratio (SNR).This measurement was performed with the condition that the

varactor is unbiased. After searching the optimum tuning point of the amplifier with the highest

signal-to-noise ratio, the varactor was tested to measure the shift of the resonance frequency ∆ν0

and the Q-value.

6.5.1 Amplifier analysis

The measurement of the resonance frequency and the Q-value were measured in the same way as

the evaluation of the resonator. The measurement of the signal-to-noise ratio, which is defined by
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the power of the signal PS [W] and the power of the noise PN [W] as

SNR =
PS

PN
(6.18)

was measured by from the spectrum analyzer. Figure 6.16 shows the setup for the signal-to-noise

measurement.

Figure 6.16 The setup of the signal-to-noise ratio measurement. In this setup, the thermal

noise induced by the resonator is amplified by the amplifier, and the amplitude is measured by

the spectrum analyzer. Thereby, the power of the signal PS [dB] and the noise level PN [dB]

are measured, and signal-to-noise ratio [SNR]dB = PS − PN is decided.

Figure.6.17 is the broad and rough screenshot of the thermal noise shifting by the gate1 voltage

adjustment. From this screenshot, the highest signal-to-noise ratio is obtained at gate voltage

VG = −0.5V.
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Figure 6.17 The resonance shift by adjusting the gate voltage of the amplifier. The noise

level is around -140 dB and the peak is sensitive to the gate voltage. The highest SNR was

observed in VG = −0.5 V. The results of the SNR measurement in higher resolution are shown

in Figure 6.20.

The signal-and-noise ratio also can be calculated by the information of the effective parallel

resistance (Reff ) and the equivalent input noise (en). In this experimental setup, the power of the

signal can be expressed as

PS =
∆B

R
(4kBTReff × κ2 ×G2

amp + e2FSV R) (6.19)

where R is the input impedance of the spectrum analyzer, ∆B is the bandwidth of the input filter

inside the analyzer, kB is the Boltzmann constant, T is the temperature, κ is the coupling factor of

the detection system, Gamp is the gain of the amplifier, and eFSV R is the equivalent input noise of

the spectrum analyzer, respectively. On the other hand the noise level is decided by the equivalent

input noise of the amplifier and the spectrum analyzer as

PN =
∆B

R
(e2n ×G2

amp + e2FSV R). (6.20)
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When Gamp is large enough that eFSV R can be negligible, the signal-to-noise ratio [dB] can be

calculated from Reff and en as

[SNR]dB = 10 log10

(
PS

PN

)
[dB]

≃ 20 log10

(√
4kBTReff × κlκc

en

)
[dB] (6.21)

where κl and κc is the coupling factor due to the inductor and the capacitance of the amplifier.

These values are fixed as κl = 0.24 and κc = 0.86 in this measurement. Figure 6.18 shows the result

of the Q-value measurement and the effective parallel resistance. The reduction below −0.4 V is

considered as a dominated effect of the positive feedback of the amplifier.

(a) Q-value menasurement (b) Reff measurement

Figure 6.18 The results of the Q-value measurement and the effective parallel resistance as

Reff = 2πν0LQ.

Regarding the equivalent input noise, Figure.6.19 shows the results by an independent measure-

ment. Together with the Reff results, the calculated value of the signal-to-noise measurement is

shown in Figure.6.20.
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Figure 6.19 The equivalent input noise of the amplifier as a function of gate voltage. Here

the 3SK164 amplifier with gate1-gate2 shorted is used.

The SNR which is measured directly by the spectrum analyzer and calculated by the result of

the equivalent input noise en measurement shown in Figure 6.20.
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Figure 6.20 The signal-to-noise ratio (SNR) shift by the amplifier by adjusting the gate

Biased Voltage. The black plots are the calculated value from the results of Q-values and the

equivalent input noise of the amplifier. The red line is the measured value directly from the

spectrum analyzer. The dropping at the calculation value is due to the Q-value drop which is

due to the positive feedback from the amplifier.
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At the calculation the declining value is due to the reduction of the Q-value, which is the effect

from the positive feedback of the amplifier. The effective temperature of the amplifier is assumed

as T = 2.8K from the calculation, which is measured by the thermometer. However from the result

of the SNR direct measurement, the effective temperature was extracted as 5(2) K at gate1 voltage

-0.4V. In BASE we have consistently measured resonator temperatures which are about a factor

of 1.5 above the physical temperature. The 5K temperature which is achieved here is by about a

factor of 1.75 higher than the physical temperature, which has yet to be understood. However, this

particle temperature with this detection system is still acceptable for the experiment. From this

result, the axial frequency can obtain a high signal-to-noise ratio with maintaining a high Q-value

at the gate1 voltage from −0.4 V to −0.5 V and the optimum point was SNR = 43dB with the

Q-value of 41500, at VG1 = −0.47 V. This result is improved form the previous development of the

axial detection system [50] which recorded SNR = 34.5 dB at a Q-value of about 21000.

6.5.2 Varactor analysis

The varactor was tested with the optimum point of the amplifier, at gate1 voltage −0.47 V. The

measurement is done at the same routine as the previous section. Figure 6.21 shows the result

of the resonance frequency shift ∆ν0 . From this result, the resonance frequency decreased to

ν0 = 578 kHz by the effect of the amplifier’s parallel resistance. However the tuning range was still

∆ν0 = 680Hz and it is sufficient to the charge-to-mass ratio measurement.
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Figure 6.21 The resonance frequency shift by the varactor tuning at the whole setup of the

tunable axial detection system. Compared to the result without the amplifier the resonance

frequency dropped ∼ 1.3 kHz, however still the resonance shift is ∆ν0 = 680 Hz and sufficient

to the charge to mass ratio measurement.

The Q-value measurement and effective parallel resistance is measured in the same routine. From

the results in Figure.6.22, also the clear linear scaling was observed in the measurement of Q-value

and effective parallel resistance.
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Figure 6.22 (a) Q-value and the (b) effective parallel resistance shift which is tested with the

resonator and the dummy trap. Both figures (a) and (b) shows a linear correlation of Q-value

and effective parallel resistance as a function of the biased voltage. The red line is the linear

fitting line and red dots are the excluded points at the fitting.

From the result of the effective parallel resistance in Figure.6.22, the dip width is estimated as

10.9Hz in -1V biased voltage and 10.0Hz in 10V biased voltage. This dip line width is rather large

compared to the value (1.5Hz) which is usually used in BASE experiment. However, it is the result

of several components coupled to the unperturbed detector and means practically, that the losses of

the components are small enough to operate the detector at even such high cooling efficiency. The

line width can be easily reduced by an application of feedback cooling or the Q-tuning, which was

recently developed by BASE [49]. The signal-to-noise ratio measurement was also performed by

adjusting the varactor bias voltage in the amplifier optimum working point. The value was stable

around 43 dB.

The ability of tuning range and the sufficient Q-values are positive improvements by tuning axial

detection system. However the Q-value and the effective parallel resistance scales to the biased

voltage, which can affect to the precision of the charge-to-mass ratio measurement. To know the

significance of this effect, this requires further evaluation.
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Chapter 7

Conclusions and overview

In this thesis, a new design of an axial detection system is introduced for the improved measure-

ment of the proton-to-antiproton charge-to-mass ratio. In the previous measurement performed by

BASE [13], the major systematic uncertainties were caused by the different tuning parameters in

the Penning trap for the antiproton and the H− ion, to fix each axial frequency to the resonance

of the axial detection system. The idea of the new axial detection system is to make the resonance

frequency tunable to the axial frequencies for each particle. By this strategy, the charge-to-mass

ratio can be measured without tuning the voltage potential. Therefore the 26 p.p.t. systematic un-

certainty out of 69 p.p.t. total uncertainty [13] will be dramatically suppressed and will contribute

to the improvement of the precision.

To install this tunable axial detection system to the main experiment, I have tested and charac-

terized the potential limitations and evaluated whether this meets the requirements for the charge-

to-mass ratio measurement. In the cryogenic test of the tunable axial detection system, the tuning

range of the resonance frequency ∆ν0 = 680 Hz out of ν0 = 578 kHz was recorded. This is sufficient

for the axial frequency measurement of the antiproton and the H− ion, which requires a tuning

range ∆ν0 = 340 Hz. This indicates that the new tunable axial detection system satisfies the

requirement of the charge-to-mass ratio of the BASE measurement.

Moreover, other optimizations of the new axial detection system were performed. To solve the

thermalization problem, the material of the housing was replaced from NbTi to OFE copper and

recorded less Q-value loss and sufficient results to install in the main experiment. On the level of

the cryogenic amplifier, optimizations are performed to improve the noise level from the previous

development [50]. Shorting gates in the input stage FET made a reduction of equivalent input

noise from 0.65 nV/
√
Hz to 0.51 nV/

√
Hz. As the equivalent input noise reduced, also a higher

signal-to-noise ratio SNR = 43.0 dB with a high Q-value of 41500 were obtained, improved from

SNR = 34.5 dB with a Q-value of 21000.
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From these results, the new tunable detection system has a clear improvement and has also the

potential to be installed to the main experimental setup. This upgrade will be implemented in one

of the future BASE charge-to-mass ratio comparisons, and therefore the developments made in this

thesis will contributed to improve in one of the future runs the fractional precision in this important

number.
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