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Abstract

The Baryon Antibaryon Symmetry Experiment (BASE)he antiproton decelerator of CERN,
Geneva, Switzerland aims at precise comparisotisediindamental properties of the antiproton
and proton. Such comparisons are interesting beausmeasured asymmetry between a
matter and antimatter-conjugates would hint at gsylseyond the Standard Model. In this
experiment, a single antiproton is prepared inyagenic Penning trap, and all information about
this trapped particle is obtained by detecting iemnagrrents in the trap electrodes, which are
induced by the motion of the trapped charged gartithe detected image currents are in the fA
range, which requires the use of ultra-low noigetebnics. Axial signals of the proton or
antiproton are analyzed with Fast Fourier transf(ffr) analyzers to meet high frequency
resolution. The axial frequency is at about 680 kiHthe so-called analysis trap of our
apparatus. However, the upper frequency limit efdtiailable FFT analyzers which meet the
required frequency resolution is at around 100 KHerefore, signals containing frequencies
higher than the maximum frequency should be coadetbwn into the frequency range of the

analyzer to become measurable.

In this graduation project, a single sideband (S&Byn converter for the measurement of the
axial frequency of an antiproton or a proton iseleged. The goal is to down-convert the axial
frequency into the frequency range of the FFT ar&alynd to increase the down-mixed signal to
noise ratio of the detection system. In additiondseeloped an active feedback cooling system
by using this SSB down converter. The temperattitbeaxial detection system is about 8
Kelvin without feedback. It is demonstrated that thedback system is capable to decrease the
temperature of the detection system and thus fithegarticle by about a factor of 3 to 5. This
leads to reduction of resonance line widths, fgséeticle preparation cycles and thus improves

measurement precision.

In this thesis, the principle of the experiment] &me development of a SSB down converter and

active feedback cooling system are described.
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Chapter 1

Introduction

The axial frequency signals of an antiproton or@qgn are measured with FFT analyzers when
both a high frequency resolution and a high dynammge are required. The BASE
Collaboration uses SR780 Dynamic Signal AnalyzeymfStanford Research Systems with a
bandwidth from DC to 102.4 kHz. We developed an 88®n converter to down-convert
signals containing frequencies higher than the mari frequency of the analyzer into the
frequency range accepted by the FFT analyzer. Aftdr we developed an active feedback
cooling to decrease the temperature of the axiaictier from 8 Kelvin to around 1.8 Kelvin. So,

we can compare the fundamental properties of dpratan and a proton more precisely.

Firstly, we can explain the working principle of B8own converter. In simple down conversion
method, the complete frequency range of interesitlier in the upper sideband, i.e. above the
LO oscillator frequencyLo, or in the lower sideband, i.e. belown. A single multiplier

followed by a low-pass filter converts both sigrfatsn the upper and the lower sideband down
into the same frequency range. Signals at lowebsidd and upper sideband are converted to
same intermediate frequenidy and these signals are added. That means noisded &althe
signal from the frequency range of interest andai¢p noise ratio (SNR) is reduced. Therefore,
we aim to reject unwanted sideband to increas&MNe of detection systems. The system which
rejects unwanted sideband is called as single aidkdown conversion. If the unwanted
sideband is rejected, the signal to noise ratiblv@lenhanced in a factor of 2. So, the limit of
SNR improvement is 3dB. The working principle afgle sideband down converter is shown in
Figure 1.1. Two mixers, two low pass filters, twwage shifters and a differential amplifier will

be used to implement a SSB down converter.
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Figure 1.1: SSB down converter design

At first, we can consider the signal from the upgideband. The signal is applied to the mixers
in the setup. The two local oscillator signalsha mixers have equal frequenay and equal
amplitude, but the local oscillator signal for mixXeis 90° ahead in phase. Then, the signals are
filtered by low pass filters and both signals avawerted to same frequenldy and both signals
have same amplitude. However, signal behind then#ixs 90° ahead in phase. Then the
second phase shifter increases the phase diffebstegeen the signal behind mixer 1 and the
signal behind signal 2 by another 90°, so thastheal behind mixer 2 is 180° ahead in phase.
So, the differential amplifier superimposes the signals constructively. Secondly, we can
consider the signal from the lower sideband. Thealiis again applied to the both mixers and
the properties of local oscillator signals are sasié the case of upper sideband. After low pass
filter, the signals are both at frequeri€yand of equal amplitude. In contrast, signal behind
mixer 1 is 90° ahead in phase in this case. Thexetbe second phase shifter changes the phase
difference between the signal behind the mixerd the signal behind the mixer 2 to 0°. So, the
differential amplifier superimposes the two signddstructively [1]. As a result, the unwanted
sideband is rejected and we expect to gain 3dRase in SNR.
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After that, we developed an active feedback coadiygjem by using this SSB converter. We
implemented this circuitry to the output of theadlxdetector and we aim to decrease the detector
temperature in a factor of three to five. So, we lsave reduced line width in the FFT analyzer

and make more accurate measurements.

In addition, | have also developed cryogenic fdttar the spin-flip lines. Strong drives are
needed to drive spin transition, and this createésenin the frequency spectrum of the cyclotron
frequency and also magnetron frequency. We aintoicklihis noise effect by applying these

filters. Details will be explained Chapter 6.



Chapter 2

Project Proposal

The Baryon Antibaryon Symmetry Experiment (BASHjsaiat a stringent test of the combined
charge parity and time reversal (CPT) symmetrydiypgaring the magnetic moments and
charge-to-mass ratios of the proton and the arnttprwith high precision [2,3]. According to
CPT symmetry, the fundamental properties of maiter antimatter-conjugates are predicted to
be identical [4]. For instance, the magnetic mom@ehthe antiproton and the proton have
opposite signs, but are at exactly the same valsiag single particles in a Penning trap, the
proton /antiproton g-factors, i.e. the magnetic raatin units of nuclear magneton, are
determined by measuring the respective ratio okfe-procession frequency (Larmor

frequency) to the cyclotron frequency [5].

The Larmor frequency is measured by applicatiothefelegant continuous Stern-Gerlach effect
[6]. A magnetic bottle which is superimposed ontiiag@ leads to a change of the axial frequency
caused by a spin flip. By detecting these changesfanction of variable radio-frequencies
which induce the spin transitions, the spin fliplpability as a function of the drive frequency is
recorded [5,6]. This enables the measurement adntiproton’s Larmor frequency. The axial
frequency change caused by a spin-flip is at ab80tmHz out of 680kHz [2]. In order to
resolve such tiny axial frequency changes, higbluti®n in the axial frequency measurements
is required. Therefore, we apply active feedbaceking to decrease the temperature of the
detection system. As a result, line widths in Befiare reduced and it results in a reduction in
line width of the Larmor resonance as shown in Fedli1l. So, the Larmor frequency can be
measured more precisely. In addition, if the ateaedperature is decreased, the magnetron

temperature will also be reduced and sidebandmgaelill be much faster.
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Figure 2.1: Larmor resonance without feedback)(kftd with feedback (right)

Without the feedback cooling system, the low-nais®lifier stage (LNA) at 300 Kelvin stage is
connected to the FFT analyzer via a down convertingr. In the active feedback cooling as
shown in Figure 2.2, the output of the LNA is cocted to the single sideband (SSB) down
converter. After that, the signal from the SSB dawenverter goes to a power splitter. Half of
the power of the signal is connected to the FFTyarato observe the noise spectrum of the
detector, and the other half is connected to tled drtector via an up converter, a band pass
filter and a voltage controlled attenuator (VCARh€eToutput of the VCA is connected to the
detection system via a loosely coupled capacitafaethis project, | developed a single

sideband (SSB) down converter, an up converter pass filter and a voltage controlled
attenuator.
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Figure 2.2: Schematic of active feedback coolirgfesy consists of an SSB down converter, a
power splitter, an up converter, a BPF and a VG#.fhrther discussions see Chapter 5.

The temperature of the axial detection systemasrad 8 Kelvin. By using the active feedback
cooling, we intend to decrease this temperatura fagtor of three to five [7]. By decreasing the
temperature, lower drive power are required toalthe spin resonances. In measurements
reduced line widths will be observed and the tiewuired for preparation procedures to cool the
radial modes will decrease. In total these advandétead to more accurate frequency

measurements at reduced systematic effects.



Chapter 3

Measurement of the proton—antiproton g-factor

Aiming at measuring the proton-antiproton g-faatath ultra-high precision, the BASE
collaboration uses cryogenic Penning traps. Irfiteepart of this chapter, the behavior of a
single particle stored in such a trap is preserA@éiérwards, the ultra-sensitive superconducting
detection systems of the BASE apparatus will berilgsd. Lastly, the g-factor measurement

will be explained briefly.
3.1 Particle Motion in a Penning Trap

The BASE Collaboration uses cryogenic Penning thapsder to measure the antiproton g-
factor with ultra-high precision. In a magnetiddi#, a particle of mass and charge is
constrained to a circular orbit. This is the sdezhlfree-cyclotron motion”. Its frequency is

given by:

l¢B|

I —
We —

The cyclotron motion is a radial motion, thus ibmund radially but not axially. In a Penning
trap, an electrostatic quadrupole potential is sog®sed to confine the particle also in the axial

direction. The electric and magnetic field confagiwn of a Penning trap is shown in Figure 3.1.

Figure 3.1: Electric and magnetic field configuoatiof a Penning trap
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The magnetic field confines the particle only idied direction. Together with the electrostatic
guadrupole potential, the particle is confined afsthe axial direction. In order to generate the
guadrupole potential, three electrodes are requiredre are two endcap electrodes on the top
and the bottom, and one ring electrode in the c¢at&].

The charged patrticle is stored with an axial fregpyeof:

2qC5Vy

m

The radial field component of the electrostaticdjuaole potential leads to a modification of the

free cyclotron motion. The resulting eigen-frequeatthis modified cyclotron motion is

In addition, the so-called “magnetron motion” ocwrhich is the second radial eigenmotion

caused by a drift in the crossBEd B field of the trap. The magnetron frequency is

To sum up, the particle moves in a Penning trapree independent eigenmotions [6,9]. These
are the axial motion 680 kHz, the magnetron motibrikHz and the modified cyclotron motion,
in our case at 29.656 MHz [2]. In Figure 3.2 a3gation-view of a cylindrical Penning trap and
the three eigenmotions (3.2.b.)) are shown.
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Figure 3.2: (a) Cut view of cylindrical Penninggdrdb) The composition of the motion of a
particle inside Penning trap

3.2 Detection Systems

Information on the three eigenmotions in a Peniiag can be extracted by the detection of
image currents, which are induced in the trap edeets caused by the oscillating particle [6,9].

Figure 3.3 illustrates the image current detegtonciple in a Penning Trap.

Penning Trap

B i FFT
rE—r >

Resonator

Figure 3.3: lllustration of the image current détac principle in a Penning trap

In a Penning trap eigenmotions of a particle induaey image current in the electrodes, and a
high Q-value resonator and an ultra-low noise afeplare connected to one of the Penning trap
electrodes [10, 11]. These image current is corded a voltage drop using a resonant tuned
circuit as shown in Figure 3.4(a). A particle iettmal equilibrium with the detection system can
be represented by an equivalent series tuned tSreunich shunts the thermal noise of the

detection system at the motional frequency of tmtige (3.4.(b)).
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Figure 3.4: (a) Schematic of a Penning Trap andlétection system (b) A particle in thermal
equilibrium with detection system can be represgbiean equivalent series tuned circuit

Consequently it shorts the thermal noise of theat&in system, and appears as a dip in the
detector’s noise resonance [10]. Figure 3.5(a) shaivan axially excited single trapped
antiproton turned to resonance an axial detectoe. appearance of the particle dip is shown in
Figure 3.5(b) [12].
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Figure 3.5: (a) FFT signal of an axially excitedgte trapped antiproton (b) Particle shunts the
thermal noise of the detector at its eigen-frequexma appears as a dip.

As a large signal to noise ratio (SNR) reducedrdmguency scatter, the major goal is to increase
SNR. In case of a dip detection, SNR is definethieyratio of the Johnson-Nyquist noise of the
tank circuitun[nV / VHz] to an equivalent input noise of the amplitef13] [14]:

Uy = V‘—'H-.'BTRCJ-;-H

SNR — &: \/—“.BTRQH h-

t"?l E’I'L
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where kis the Boltzmann constani,the temperature of the detectothe coupling constant,

andenthe equivalent input noise of the amplifier, redpvety.
On resonance, the circuit in Figure 3.4(a) act parallel resistandgp:
R, =2mv,QL

wherevr is the resonance frequen€ythe quality factor of the resonator anthe inductance
value, respectively. By using large impedance, itngge current signal is converted to a
detectable voltage. Therefore, Rdactor should be as large as possible to haveyasansitive
detection system [15,16].

3.3 The g-factor measurement

The g-factor is a dimensionless quantity whichteddhe spi@ of a patrticle to its magnetic
moment

5 q 2
i = qu
whereq is the charge, anah the mass of a particle, respectively. The enefglespin
precession in the magnetic field is called the Larprecession with its frequency:

(
Wy, = yﬁB:.

Together with the equation of the free cyclotraygfrency, the g-factor can be expressed as the
ratio of the Larmor frequenayL and the free cyclotron frequenaex [17,18,19]:

W, WL
wp=g-— = g=2—.

2 e

The cyclotron frequency of the trapped chargedgaris related to the three independent

eigenmotions via the invariance theorem [20]:

—+ VE -+ uf

4+

2
v, =V

Footnote 1: Quantities are related to frequenciesasw=2nv. Within the test we switch between the two nomatucks.
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The Larmor frequency is measured by detecting xied requency change caused by spin flips
[21]. The axial frequency change is about 180 mtizod 680kHz. Figure 3.6 shows the change
on the axial frequency due to the spin flips.

0.04

ﬁ’o"

0 5 10 15 20 25 30
# Measurement

-0.24

Axial frequency - 674000 Hz

Figure 3.6: Larmor frequency measurement. The dagliency change is about 180 mHz out of
680 kHz in case of spin transition.

In order to resolve such a tiny axial frequencyng® we need to have a good resolution on the
axial frequency. Therefore | developed SSB dowrveder and active feedback cooling system
to decrease the temperature and to increase theoStR detector.
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Chapter 4
Axial Frequency Down Converters

In this section, the theoretical concepts of doanversion, single sideband down conversion
and design and implementation of such systemsireasurement results will be explained

respectively.
4.1 Theoretical Concepts of Down Conversion

Down conversion is a multiplication process to cama signal with high frequency to a lower
desired frequency. In our case, we use SR780 Dyn&ignhal Analyzer to measure the axial
frequencies at 680kHz of the proton and the antiyoran both high frequency resolution and
high dynamic range. The upper frequency limit afflsanalyzers are of order 100kHz, thus
signals containing frequencies higher than uppUency limit should be converted down into

the frequency range of the analyzer to be detextabl

A down converter shifts the frequenayof a signal to the so-called intermediate frequdircy

vin —vLo by multiplying the signal with a local oscillatfirO) signal of frequencyLo:

Uue(t) oc sin(2m - vt) - sin(27 - vpot)
— %{sin(:??r- (Vin —vro)t) +sin(27 - (Vin + VLo )E).
Afrer this multiplication, we have signals at thfetence frequency and also at the sum
frequency. For down conversion, the signal at tiha Bequency has to be removed by a low
pass filter. After the sum frequency the signdilisred, and the down converted signal can be

obtained. A single mixer and a LO signal is suéfidifor a simple down conversion.
4.2 Single Sideband Down Converters

In a simple down conversion method, the completguency range of interest is either in the
upper sideband, i.e. above the LO oscillator fregyeLo, or in the lower sideband, i.e. below

vio. A single multiplier followed by a low-pass filteonverts both signals from the upper and

13



the lower sideband down into the same frequencgaaBignals at lower sideband and upper
sideband are converted to same intermediate freguErand these signals are added. That
means noise is added to the signal from the loveguency sideband and the signal to noise
ratio (SNR) of the superconducting axial detecsaeduced. Therefore, we aim to reject the
unwanted sideband to increase the SNR of detesyistems after the conversion. System which
reject unwanted sidebands are called single sidetawn converters [1]. If the unwanted
sideband is rejected, the signal to noise ratibbvélenhanced by a factor of 2. So, the limit of
the SNR improvement is 3dB. The working principlesingle sideband down converter is
shown in Figure 4.1.

low pass _ _
mixer 1 filter 1 differential amplifier

' | 90" phase
filter 2

Figure 4.1: SSB down converter consists of 2 nsix2i_PFs, 2 phase shifters and a differential
amplifier. For details see text.

An SSB down converter consists of 2 mixers, 2 lasgfilters, twghase shifters and a
differential amplifier. At the output of the phasigifters, two signals &F are created and these
signals are constructively superimposed for inpgias from one sideband and destructively for

the other sideband.
In our case, we aim to measure the axial motica sihgle antiproton. The axial frequency of a

14



single antiproton in our apparatus is about 680. KHierefore, the axial signal should be
converted down into the frequency range of theyaeal So, we decided to convert it down to
50 kHz. The input signal at frequenay + IF should be converted to an intermediate frequency

IF. However, the signal at the image frequency is etsiverter down toF.

viN=vLo+ IF
viN=vLo—|F

For instance, the axial signal at 680 kHz shoulddreverted down to 50 kHz. Therefore, the
local oscillator frequency has to be 630 kHz, etinput signal at 580 kHz will be converted
also to 50 kHz. Therefore, it will decrease the SR factor of 2 being equivalent to a 3dB
reduction. Therefore, we apply single sideband doamversion to eliminate the image
frequency. The local oscillator frequenay has to be chosen such that the signal of intesest i
the upper sideband. The signal from the lower siddlat frequencyLo— IF should be rejected

in order not to disturb the measurement of the upjkeband signal.

We aim to convert the axial signal at 680 kHz ddav60 kHz. The local oscillator signals of the
mixers are at equal frequenay at 630 kHz. The input signal which is at 680 kHrdsn the
upper sideband and mirror image signal which 88&kHz is from the lower sideband. Firstly,
the signal from the upper sideband is consideriad.signal is applied to the two mixers in the
setup. The local oscillator signals of equal freguyesLoat 630 kHz and equal amplitude are
applied to the LO part of the mixers, but the L@nsil for mixer 1 is 90° ahead in phase. After
that, IF ports of the mixers are connected to therder low pass filter. The signal is converted
down to 50 kHz by mixers and the upper sidebandasigt 1310 kHz and also harmonics of the
mixers are eliminated by LPF. The two signals atterLPFs are both at frequenéyat 50 kHz
and of equal amplitude, but the signal behind miex 90° ahead in phase. The phase shifter
increase the phase difference between two mixguigiby another 90°, so that the signal at
mixer 2 is 180° ahead in phase. After that, theedéhtial amplifier superimposes two signals

constructively.

Secondly, the signal from lower sideband at 580 id-gain applied to both mixers and the

properties of the LO signals are exactly same #éisdrcase of upper sideband. In contrast, the

15



output signal behind mixer 1 is 90° ahead in phase result, the phase shifter changes the

phase difference between the signal behind mixaardlthe signal behind mixer 2 to 0°.

Therefore, the differential amplifier superimpos&s signals destructively. The Trigonometric

calculations for both upper sideband signal ancelosideband signal are explained (4.2).

Upper Sideband

Lower Sideband

Input Signal

sin(Lo + wiF)t)

sin((@Lo - wiF)t)

After Mixer Stages

~((cosmt + 90°) -

~((cos(wr)t + 90°) -

Mixer 1 (cos(@r+art+90%). | oo - wr)t + 90°))
s(eoshor) - ((cos(er)) -
Mixer 2 (cOS(20rF + wiF)t)) (€052 - o)D),
After LPF 2(sin@)), —~((sin()Y),
((cosrr)t) 2((coseor)y)
After 90° phase shifter ~((sinr)D), —~((sin(r)Y),
~ H(sin@RY —~((sin(r)Y)
After differential amplifier SinGI)t 0

Figure 4.2: Trigonometric calculations for sinusdiohput signals from the upper and the lower
sideband to the single sideband down converter

The rejection of the lower sideband leads to imprognt in signal to noise ratio in a factor of 2.

Therefore, the ultimate goal is to have 3dB improeat in SNR.
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4.3 Design and Implementation of the SSB Down Conster

Firstly, | designed the PCB board for the SSB daamnverter and the power splitter using the
PCB-CAD software EAGLE. In Figure 5, the schematid in Figure 6, the layout of the SSB
down converter are shown. The SSB down convertesists of 2 mixers, 2 low pass filters, two
90° phase shifters and a differential amplifiereTutput of the SSB down converter is
connected to a power splitter, in order to use&88 down converter in feedback cooling. For
the SMD mixers, | used TUF-R3SM+ from Minicircuj&2] and for the power splitter, | used
SCP-2-1+ from Mini Circuits [23]. These componentye selected based on previous
experience from the BASE group. The input signalpplied to the RF ports of both mixers. The
two local oscillator signals of the mixers have @duequencwLo and equal amplitude, but the
local oscillator signal for mixer 1 is 90° aheadcpimase. After that, IF ports of the mixers are
connected to the™order low pass filter (LPF) which was designedgshe computer software

ELSIE, and in Figure 4.5, the schematic of the BRE its attenuation graph are shown.

X

Mixer 1
I
" LPF1 R
.
L
j )
Power
Splitter [
Mixer 2 ] 2
4 ——
LPF2 RC 2  Differential Ed
o 5 Amplifier

Figure 4.3: Schematic of the SSB down convertesists of 2 mixers, 2 LPFs, 2 RC phase

shifters, a differential amplifier, and a poweritpt. For further discussion see text.
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Figure 4.4: PCB layout of the SSB down converter.details see text.
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Figure 4.5: Schematic and the attenuation curtbe#” order LPF. For details see text.

The signal behind the mixer 2 is 90° ahead in phBisen the second phase shifter increases the
phase difference between the signal behind mivaardlthe signal behind mixer 2 by another
90°, so that the signal behind mixer 2 is 180° dheghase. | used a simple RC circuit to
change the phase by 90°. | calculated the R analégs by the formula:

1
fe= 2rRC

So, | chose the C value as 220pF and R value &k.4f the phase shifter does not change the
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frequency exactly 90°, we can tune the phase of @signal of mixer 1 to have exactly 180°
phase difference before the differential amplifisrthe output of the RC filters, we have two
signals with 180° difference in phase. These sgyas connected to the differential amplifier. |
used a MAX410 low noise op-amp [24], because itsenwas very low around 50 kHz. |
implemented a differential amplifier by using tbis-amp and the output of the amplifier is

connected to the power splitter. In Figure 4.6,car see the PCB of the SSB down converter.

0 Dlﬁerentlaﬂ
RC :
.2' Amp:fleﬂ.. '

Figure 4.6: PCB of the SSB down converter. Forherrdiscussion see text.

4.4 Measurement Results of the SSB Down Converter

Firstly, two signal generators, a voltage supplythe biasing of the op-amp and a spectrum
analyzer are used for the measurement. A sinussigiaél at 680 kHz and -56 dBm is applied as

an input signal. Two LO signals are applied bygbeond signal generator which has two output
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ports. The power of LO signals is +15 dBm and tiegdiency is at 630 kHz, but the LO signal
for mixer 1 is 90° ahead in phase. For biasingag#s of the amplifier, +3V and -3V are applied
to the DC biasing ports. As a result, we aim toaeamplified signal at 50 kHz at the output
port. In the differential amplifier, we used X3@&nd150kQ resistors in order to have 30dB gain
at the differential amplifier stage. The loss a& ttPF an RC filter stages is about 7dBm, the loss
of the power splitter is about 4dBm, and the cosier loss of the mixers is also about 5dBm.
As a result, we expect to see 14dB gain in ovesatem. We applied -56dBm signal at 680 kHz
to the input and -46 dBm signal at 50 kHz is obedrat the output by the spectrum analyzer.
The gain was about 10 dB in measurements, whicmsnea have 4dB additional loss. It is not a
crucial problem, because we use ZFL-500LN amplbiefore the SSB down converter, and the

gain of this low noise amplifier is about 30dB,v8e can compensate these losses.

Afterwards, the SSB down converter was connecteélde@pparatus. The axial motion signal of
an antiproton is connected to the input of the 88®n converter via a ZFL-500LN amplifier
[25]. Then, one output of the SSB down convertéeliinated byp0Q and the other output is
connected to the FFT analyzBreviously, a discrete ZAD-6+ Minicircuits mixergPwas used

for the down conversion, but it was not a singteeband down conversion process. In Figure
4.7, we can see axial resonance curves with SSB dowerter and without SSB down
converter. The resonance peak is set to 0dBm archwealculate SNR by subtracting peak
attenuation from background noise level. As casd®n in Figure 4.7, the SNR was about 23 dB
in the simple down conversion. By applying SSB dawenversion, the SNR is increased to
26dB. Consequently, we achieved 3dB improvemeBiNR as expected.
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Figure 4.7: Axial resonance curves with SSB dowmveoter and with a simple mixer. To
calculate the SNR, attenuation at the peak is aatatd from background level. As a result 3dB
SNR improvement is achieved. For further discussemtext.

SNR improvement in axial detection system provitese precise measurements of the axial
frequency. So, we expect to see a decrease infeegglency fluctuation. Axial frequency
fluctuations with SSB down converter and withouBSfwn converter as a function of

averaging time are analyzed in Figure 4.8. Thel dsaguency fluctuatiorE is proportional to

[10]:
—_ Av 1
g 7GR

whereAv is the linewidth of the particle dip, T the avarggtime of the measurement, and SNR

the signal-to-noise ratio of the detector, respetyi If the linewidth is decreased and the SNR is
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increased, the axial frequency fluctuation will gexse. The frequency fluctuation is
characterized by two different noises which are <s&un white noise, and random walk noise. At
small averaging times the Gaussian white noisemsiant, while the random walk noise is
dominant in larger averaging times. The axial thatton is also reduced by increasing the
averaging time, because for long averaging timesisGian white noise converges to a lower
fluctuation limit [10]. However, random walk noigereases with increasing averaging time,
and after a critical point, the random walk noisenthates the axial frequency fluctuation. This

effect can be observed in Figure 4.8.

To characterize axial frequency fluctuation, theabmotion signal of an antiproton is connected
to a power splitter via a ZFL-500LN amplifier. Ooetput of the power splitter is connected to
one channel of the FFT analyzer via the SSB dowveder and the second output of the power
splitter is connected to second channel of the &kalyzer via a simple mixer. With this setup
we recorded axial frequency data for a total mesament time of 10 hours, and compare the
measured axial frequency fluctuation of both chérier different averaging times, such plots
are called Allan deviations. The results are showFigure 4.8. Specifically at small averaging
times the SSB down converter decreased the arigliéncy fluctuation significantly. For
instance, at 60s averaging time, the SSB downctevelnannel has about 7 mHz improved axial
frequency fluctuation. The frequency fluctuatiomas from Gaussian white noise is

proportional to [10]:

—_ Ndef. Nlsb
R

Nisb is the noise constant comes from lower sidebaguhsi By applying SSB down conversion,
this noise constant will be rejected and this deses the axial frequency fluctuation. However,
axial frequency fluctuation becomes equal with anttiout SSB down converter at high
averaging times, because after a particular avegagne, random walk noise becomes dominant

and the frequency fluctuation is solely definedloy walk [2,10].
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Figure 4.8: Axial Frequency Fluctuation wrt. avenagtime with and without SSB down
converter

This increases the fidelity of the spin flip detent To identify the spin-state, we apply the
threshold method, assuming that every frequencgghabove a certain limit is a spin-flip [2].
Fidelity is the probability of that the identifigah of the spin state at a given threshold is abrre

In an ideal measurement, if we assume the axiqiémecy fluctuation is 0 mHz, the fidelity is
100%. We could observe a difference of S = 50% 8jpiprobability between resonantly driven
spin-flips and off resonantly driven spin flips |10 is the theoretical limit. As we see in Figure
4.8, the axial jitter is at least 90 mHz in ourad®ion system. The SSB down converter decreases
the axial jitter, consequently it will also increabe fidelity. Figure 4.9 shows us the fidelity

with and without SSB down converter. The maximunuegaf the fidelity is 72.3% without SSB

down converter and 74.5% with SSB down converther@& is 2.2% increase in the fidelity for
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spin flip detection. In case of a Fidelity F lovtkan 100%, we can calculate the signal intensity
Sgiven as the difference of observed spin-flipswtiite threshold method for resonantly and off-

resonantly driven spin flips [10]:
S=05-(1-F),

As a result, without SSB down convert8iis 22.29% which is at the edge of being able to
perform measurement, afcecomes 24.52% with SSB down converter. So, threigaignal

strength can be calculated;

With the SSB down converter, we gain relative 1@%hie signal strength, which reduces the

total measurement time required to resolve the miEgmoment significantly.

Fidelity with frequency mixexblue), Fidelity with SSB downconvertgyellow)
0.75
0.70
%
A=
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0.60
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Spir Flip ThresholdmHz)

Figure 4.9: Fidelity with and without SSB dowonverter
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Chapter 5

Active Feedback Cooling

5.1 Theoretical Concepts of Active Feedback Cooling

In order to resolve tiny axial frequency changessfuon flip detection, we need to have a good
resolution on the axial frequency. Since the axeuency resolution depends on the dip width
(Av), andAv is proportional to the Q value of the axial deteca decrease of the Q-value will
lead to a decrease of the linewidth of the dip g increase frequency resolution. Such a
tuning of the linewidth can be achieved by appiarabf active electronic feedback cooling. In
addition, application of active feedback reducespgarticle temperature which leads to a variety
of benefits, as lower drive power, reduced linetljiéind faster particle preparation cycles.
Overall, application of feedback cooling will spagalexperiment routines and eventually lead to
measurements at improved precision. A detailedudson of all the involved effects is beyond

the scope of this thesis, for an exhaustive disonssee [7,10].

The measured power spectrum has a constant badakn®e the Johnson noise. The current
induced by the noise-driven protons or antiprofmmgluces a notch in this flat spectrum at axial
frequencyz. The angular frequency width of this notch is dlaenping ratd’. The relationship

between the damping rate, effective temperaturetaméeedback gain is given as [7]:
I'e= (19T
Te= (19)T,

or in other words: The ratiBe / Te is a fluctuation/dissipation invariant. The temgiare
decreases as the feedback gain is increased. Bssdeledback gain 0 < g < 1 decreases
temperature, but at the expense of reducing theuohgmate. The advantage of a reduded to
reduce deleterious effects of axial fluctuationsmupther particle motions, as we will illustrate
with a reduced linewidth. According to literatuig [t is possible to decrease the effective

temperature in a factor of 5 by using active fee#ttzaoling.
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5.2 Working Principles of Active Feedback Cooling

In Figure 5.1 a schematic of the devices useddbveafeedback cooling system is shown.
Without the feedback cooling system, the LNA at B@&vin stage is connected to the FFT
analyzer via a down converting mixer. In the acteedback cooling, the output of the LNA is
connected to the SSB down converter. After that signal from SSB down converter goes to a
power splitter. Half power of the signal is conmelcto the FFT analyzer to observe the resonator
spectrum, the other half is connected to the aegctor via an up converter, a band pass filter
and a voltage controlled attenuator (VCA). The attyf the VCA is connected to the detection

system lose capacitive coupling.

Up Converter

VCA
Penning Trap 1 BPF

LNA  Down Splitter El
Converter

4K Stage Room Temperature Stage

Figure 5.1: Schematic of active feedback coolirgfesy consists of an SSB down converter, a
power splitter, an up converter, a BPF and a VG#.flrther discussions see the text.

The temperature of the axial detection systemasrad 8 Kelvin. By using active feedback

cooling, we intend to decrease this temperaturecxpately by a factor of 3 to 5.
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5.3 Design and Implementation of the Active Feedb&dCooling

The active feedback cooling system consists of & &®vn converter, a power splitter, an up
converter, a bandpass filter and a voltage coetidttenuator. After these separate parts are
developed, these boards are connected to eachastlséown in Figure 5.1. Development of the
SSB down converter and power splitter has beeragga in section 3.3. In this part, the

development of the BPF, the Up-Converter and th& W@l be explained.

5.3.1 Band Pass Filter

A band pass filter (BPF) is a device which passsgulencies within a certain range and rejects
frequencies outside that range. For the band fess fthe two basic resonant strategies are
these: series LC to pass a signal or parallel Léhtwt a signal. By increasing the number of LC
stages, we can have sharper attenuation curvéhduesonant frequencies of all LC stages

should be equal to have minimal attenuation aptssband.

At first, we intended to develop & Brder BPF, however the attenuation in the passhasd
high about 10dBm, because it is very hard to haaetey same resonant frequencies in all LC

stages. Therefore, | developedadder BPF.

| set the central frequency to 674850Hz, whiclhesdxial frequency. In Figure 5.2, we can see
the schematic and the attenuation curve of ther@er BPF. The attenuation curve is not very
sharp as in%order BPF, however measurement results are vdiyov®ur case. As we can see
in Figure 5.3, the attenuation in the passbandlg ©.9dBm and the attenuation difference
between the axial frequeney675 kHz and the cyclotron frequeneyl8.7 MHz is about
80dBm. Furthermore, the measured attenuation deistic of the 3! order BPF is

50dB/decade which is enough for our case.

28



10uH 6.8uH Lo 50

5400pF 5400pF

8200pF

! I
(%) -
o (&) o

Attenuation (dBm)
o> A
S O

-5

-90
20k 50k 100k 200k 500k 1M  2M 5M 10M 20M
Frequency (Hz)

Figure 5.2: Schematic and the simulated attenuatiove of the  order BPF
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Figure 5.3: Measured attenuation curve of tHeRler BPF

5.3.2 Voltage Controlled Attenuator

| designed and implemented the voltage controltezhaator for the feedback cooling system.

We intended to have 20dB attenuation range. InrEi§us, the schematic and the layout of the

VCA are shown.

Figure 5.4: Schematic and PCB layout of the VCAe Tansistor is used as a voltage variable

resistor, and the attenuation is controlled byrignis gate-to-source voltage.
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In this VCA, BF862 N channel JFET [27] transist®uused as a voltage variable resistor. By
changing the gate to source voltage of the JFETGamecontrol the attenuation of the system. In

Figure 5.5, the PCB and the measured attenuatiarfasction of the biasing voltage is shown

= Attenuation

Altenuation (dB)

T T T T
-1.0 -0.5 0.0 0.5 1.0
Vgs (V)

Figure 5.5: PCB and Attenuation wrtgdGraph of the VCA

As we see, the attenuation range is around 20dBesded. When ¥sis around 1 V, the drain
to source resistance of the JFET is very low ardutal10 ohms. When we decrease tlg the
drain to source resistancedgRstarts to increase and we can use the JFET alsage variable
resistor. The gain can be calculated as follows;

Rds

9= Rds +R1

So, by changing the biasing voltage, we can madtigyattenuation. For maximum attenuation,

we apply +1V and for minimum attenuation, we aply’V.
5.3.3 Up Converter

For the up conversion part, we only used a singdemWe used TUF-R3SM+ SMD mixer [22]
as we used also in down conversion part. A sigmdl &vpower of +15dBm and with a frequency
of 630kHz is applied to the LO input of the mix€he RF input of the mixer is connected to one
output of the SSB down converter and the IF ougibtihe mixer is connected to the BPF.
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5.4 Test of the Axial Detector with and without Acive Feedback Cooling

After completion of the individual parts, we testbd active feedback cooling in the BASE
apparatus. The input of the SSB down converterasasected to the output of a ZFL-500LN
ultra-low noise amplifier [25]. One output of th&E down converter is connected to the FFT
analyzer and the other output is connected torpetiof the up converted to apply a feedback.
The output of the up converter is connected tdrthat of the VCA via the axial BPF and the

output of the VCA is connected to the detectiorteaysvia sub-pF capacitance.

Figure 5.6 shows the active feedback cooling systttathed to the apparatus. We applied
positive and negative feedback and checked thé @dganance signal. The temperature change

can be calculated by using below formulas [10]:
Teif = To (1 £ GrB)

Reff = Ro (1 £ Grg)

Refi= ol Q

Q=w/Aw

Q is the Q-factor of the axial detectenis the central frequency of the axial resondtds the
inductance value of the axial resonator &ads the effective resistance seen by the particle if
feedback is applied, ari®b is the resistance without feedba€kis the temperature of the axial

detector without feedback, afdris effective temperature if feedback is applied I5].
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Figure 5.6: Active feedback cooling system attadioetthe apparatus

We can see the axial resonance graph with podéedback in Figure 5.7. Figure 5.8 shows the
Q-factor of the resonator and the effective temjpeesof the detector with respect to Vgs of the
VCA. We set the gain-to-source voltage of the tistosin the VCA from 0V to 1 V. By
decreasing the biasing voltage, we increase theajahe feedback. It results in an increase in
the Q-factor and effective temperature. The tentpezaof the detector was about 8 K without
feedback, and if we apply full positive feedbadinsil, the temperature increases by 50 to 60 K.
We have to apply negative feedback to decreastethgerature. Figure 5.9 shows axial
resonance graph with negative feedback. We s&tgkeof the transistor in the VCA from -1 V

to +1 V. As shown in Figure 5.10, the gain of teedback is increased by reducing the Vgs, and
it leads to a reduction in the Q-factor of the regor and the effective temperature of the
detector. When we set the biasing voltage of thé&W&-0.7 V, the gain becomes maximum
about 2/3, andet/To becomes equal to 0.3473. It means that we caeaseethe temperature in

a factor of 3 by using this negative feedback capliThe temperature of the axial detector was 8
Kelvin without feedback cooling, and we can decegato 2.6 Kelvin by connecting the

negative feedback cooling.

33



_95 -
1 Teff/T0=6.2496 — without feedback
-100 Positive Feedback VCA=0V
-105 Positive Feedback VCA=0.5V|
] Positive Feedback VCA=1V
- -110 Teff/T0=2.0833
r:% -115 H TefflT0=1.25
2 I fc=674835Hz
= -120
iel ]
= 125+
5 _
5 -130 —
< -135-
-140
-145 -
-150 T T T T T T T
674000 674500 675000 675500
Frequency (Hz)

Figure 5.7: Axial resonance frequency with posifeedback. Effective temperature
increases with positive feedback. For further disgon see text.
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Figure 5.8: Q-factor and effective temperaturehefdetector with positive feedback. If the
biasing voltage of the VCA is decreased, it incesabe gain of the feedback and results in a rise
in the Q-factor and the effective temperature efdketector.
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Figure 5.9: Axial resonance frequency with negateeziback. Effective temperature
decreases with negative feedback. For further dgon see text.
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Figure 5.10: Q-factor and effective temperaturéhefdetector as a function of negative feedback
gain. If the biasing voltage of the VCA is decrehseincreases the gain of the feedback and
results in a reduction in the Q-factor and theatie temperature of the detector.
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After that, we transported an antiproton to analysip and checked the line width of the particle
with and without feedback cooling. For feedbacklicmp we set the biasing voltage of VCA to

-0.5V we applied negative feedback. The axial difh\@nd without feedback is given in Figure

-100

—— axial dip without feedback] 1357 [——Axial dip with negative feedback|
o 1.66Hz dip width
-105 4 5.21Hz dip width
-140 4

=~ -110+
5 | g | WW
g W M S 145
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Figure 5.11: Axial dip without feedback (left) amith feedback (right). Negative feedback
reduces the linewidth of the dip from 5.21Hz to6H@&. For details see text.

We measured the linewidth without negative feedidack12 different axial data, and the
linewidth with feedback for 23 different axial dafene histogram of the linewidth measurements
are shown in Figure 5.12. We calculated the medrstandard deviation of both data set. We
can say that these data points are scattered alm@siussian distribution. The mean of the
linewidth is about 5.215 without feedback coolimgld..666 with active feedback cooling. As a

consequence, the linewidth of the axial detectiy@tesn is reduced in a factor of 3.13.
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Figure 5.12: Histogram of the linewidth of the dxdg without feedback (right) and with
feedback (left). Axial dip is reduced in a factd30l3 by applying negative feedback.
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Chapter 6

Cryogenic Filters for the Spin-flip lines

6.1 Motivation

To drive spin transitions, strong radio-frequenayes with powers up to 30dBm are needed.
Such high power drives produce spurious noise aatktthe radial eigen-motions such as the
modified cyclotron mode and the magnetron modeTRBg fluctuations couple via a magnetic
inhomogeneity to the axial frequency and axial Giesary stability is reduced, which makes the
detection of spin transitions challenging. Thereférdeveloped and characterized cryogenic
filters for the spin-flip lines, to suppress spusdeating of the radial modes in the analysis trap
(AT).

6.2 Design and Implementation of the Filters

These filters will be used in the superconducti®d$SE magnet under high magnetic field and at
4 Kelvin. Therefore, the capacitors and inducttisutd be selected in such a way that they work
reliably at cryogenic temperatures and under higlgmetic field. For instance, the components
should not be ferrite core, because they are dyr@ifgcted under high magnetic field. |
selected Panasonic ECHU series capacitors, arddilb&ctric type polyphenylene sulphide
(PPS). Therefore, it is not affected under high metig field and also it works well at 4K. |
selected Johanson technology inductors which a®weund on ceramic core. Figure 6.1 shows
the schematic of the filter. This cryogenic filemsists of two different parts that aré @&der
notch filter and ¥ high pass filter (HPF). We aim to reject cyclotfoequency in the A™~ 18.7
MHz and magnetron frequen=/12 kHz. Furthermore, we want to have low atteramadit axial
frequency~ 680 kHz and at Larmor frequen=y52 MHz. The central frequency of the notch
filter is set to 18.7 MHz in order to reject the difeed cyclotron frequency in the analysis trap.
A 1storder HPF is applied in order to reject magnefrequency. At first, we have applied' 3
order HPF in order to have full signal at axiabiuency and to have very low attenuation at

magnetron frequency. However, this HPF involvedgh Inductor about 12uH and such high
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inductances are strongly affected under high magfietd. Therefore, | used &HPF which
consists of a single capacitor.

1 2 3 4
220nH 330nH 220nH 660pF
= o
330pF 330pF
k
220pF

Figure 6.1: Schematic of the cryogenic filter fpirsflip drives. It consists of aBorder notch
filter and a # order HPF. For further discussion see text.

6.3 Test of the Filters and Measurement Results

At first, these filters are tested at room tempematAfter that, | used a pulse tube cryo-cooler fo
cryogenic test measurements. Figure 6.2 showsttreuation curve of the filter at room
temperature and also at 4 Kelvin. As can be séenetis almost no difference between 300K
and 4K characteristics. | used a neodymium-allayna@ent magnet with a near-field of 0.8T in
order to test the filter under high magnetic fidle found that the filter is not affected under
high magnetic field. As we can see in Figure 6.2 have high attenuation at 12 kHz and at 18.7
MHz and low attenuation at 680 kHz and 52 MHz. Séhlters will be implemented in the next
run of the BASE experiment. It is expected thatithplementation of these filters will improve
the axial frequency stability.
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Chapter 7

Conclusion and Outlook

During my time in the BASE Collaboration at CERNldveloped single sideband (SSB) down
converter and active feedback cooling for precisasurements of the axial frequency of a

single trapped antiproton. | also developed cryaggiters for the spin-flip lines.

Firstly, | designed and implemented an SSB dowrveder and then | tested it. As a result, we
achieved 3 dB improvement in SNR of the axial dete@ mHz improvement in the axial
frequency fluctuation at small averaging times tikemmore, the fidelity is increased and we gain
relative 10% in the signal strength, which redubestotal measurement time required to resolve

the magnetic moment significantly.

Secondly, | developed an active feedback coolirsiesy. For this part, an SSB down converter,
a band-pass filter, an up converter and a voltagéralled attenuator are designed and
implemented. After that, | characterized thesespseparately and then tested the feedback loop.
As a consequence, the temperature of the axiattdetis decreased in a factor of 3 from 8

Kelvin to 2.6 Kelvin. Furthermore, the linewidth thie dip is reduced in a factor of 3.1 from 5.21
Hz to 1.66 Hz.

Lastly, | designed and implemented cryogenic filtier the spin-flip lines, which will be
implemented in the BASE superconducting magnetsted these filters at 4 Kelvin and also
under high magnetic field. These works well at gsmic conditions and also under high

magnetic field, and we can reject cyclotron frequyeaind magnetron frequency spectrum.

For further improvements, we can adjust the gaitheffeedback line in a more sensitive way by
tuning the gate-to-source voltage of the transisémsitively. Maybe we can decrease the
temperature until 1.8 Kelvin. Cryogenic filters thie spin-flip lines will be used next antiproton-

beam time and we expect to decrease the noise wbioks from high spin-flip drives.
With these projects, | gained plenty of experieimceltra-low noise electronics. | got used to use
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several measurement devices such as FFT analgtemnk analyzer and spectrum analyzer. |
have also studied in cryogenics and superconduntatgrials. With this project, | used to work
in a high precision experiment. In my opinion, thisject was a crucial step in my future
academic plans.

I would like to thank Yasar Gurbuz, my professod anpervisor at Sabanci University, and
Stefan Ulmer, the team leader of the BASE Collathmnaat CERN and my supervisor, and also

my colleagues in BASE Collaboration for their contbus supports for my project.
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