Production of Antihydrogen Beam and Development of
Microwave Spectrometer to Measure the Lamb Shift

(KB —LDEHRE 7427 VEDZDHD
<A 7 QR ICEREE DR FE)

Takumi TANAKA
M g

Graduate School of Arts and Sciences, The University of
Tokyo

RERFRF L
to e SAEATZERE IR A BB B B R R

December 9, 2024
20244 12 H 9 H



Contents

Introduction

1.1 TheLamb Shift. . . . . . . . . . . . . . . .

1.2
1.3
1.4
1.5

2.1
2.2
2.3
2.4
2.5

2.6

3.1
3.2
3.3
3.4
3.5

3.6
3.7
3.8
3.9

4.1
4.2

4.3

4.4

PCR and Recent Measurements of Lamb Shift . . . ... ... .......
PCR Puzzle . . . . . . . . e
CPT symmetry and Antihydrogen Atom . . . . . . .. ... .........
Motivation of Research . . . . . . . . . . . . . ... ... ..

The GBAR EXxperiment

p Beam From AD/ELENA . . . . . . . . . .
Goal of GBAR . . . . . ..
Cross-sections of H/H* Formation . . . .. ... ... ............
Reaction Target . . . . . . . . . . . . . . . e
The GBAR Beam Line . . . . . . . . . . . . . . . . e
251 p/HBeamlLine .. .. ... ... ... .. . . .. .. . . . . ...
252 et BeamlLine. ... ... ... ...
H(2S) Production Rate. . . . . . . . . . . . . . . . .. . i

Lamb Shift Spectroscopy

Spectroscopy Setup . . . . . . . e e e
Spectrum Broadening . . . ... ...
high-precision Setup . . . . . . . . . . . . . e
Structure of MW apparatus . . . . . . . ... .. .. ... ...
Lyman- Detector . . . . . . . . . . . . ...
3.5.1 Working Principle . . . . .. .. ...
352 MCPBiasScheme . ... ... ... . ... ... ... ...,
353 ReadOut . .. ... . . . . . . .. e
Precedent Measurement . . . . . . . . . . ... ...
Switchyard . . . . . . . . ..
H Detector . . . . . . . . . . . e
Thesis Outline . . . . . . . . . . . . . . e

Microwave Spectrometer

Upgrade to 30mm bore model . . . . .. .. .. ... ... ... .....
Design of MWS . . . . . . . L
421 Precedent Design . . . . . . . ...
4.2.2 Geometrical Optimizationof MWS . . . . . . ... ... ... ....
Design of HFS . . . . . . . . . .
4.3.1 Geometrical Optimization of HFS . . . . . ... .. ... ... ...
Assembling and Fabrication . . . . ... ... ... ... L L oL

10
10
10
12
14
15

16
16
17
17
18
21
21
25
27

28
28
29
29
30
31
31
32
33
33
33
34
37



CONTENTS CONTENTS
4.41 Assembling MWS . . . .. ... 46
442 AssemblingHFS . . . .. . ... ... 47
4.4.3 Support and Feedthrough . . . .. .. ... ... ... ........ 50
444 Vacuum Chamber . . ... ... ... . .. .. 53

4.5 MW Circuit Components . . . . . . . . . e 55
4.6 Control of MW Spectrometer . . . . . . .. . ... ... . ... ... ..., 56
4.7 Characterization of MW spectrometer . . . . .. ... ... ... ...... 57
4.8 Conclusion . . . . . . . e e e 58
5 Simulation of Spectroscopy 59
5.1 Time Dependent Schrodinger Equation of Lamb Shift . . ... ... .. .. 59
5.2 Distribution of Beamand E- eld . . . ... .. ... ... .. ... ..... 62
5.2.1 H Beam Distribution . . . . . .. ... ... . oo 62
522 MWE- eld Formed by MWS . . . . . . . ... ... .. ... ... 62
523 MWE-eldFormedbyHFS. . . .. ... ... ... ......... 62
5.2.4 DC E- eld Formed by Lyman- Detector . .. ............ 63

5.3 Particle Tracking . . . . . . . . . . . e 63
5.4 State Selection E ciency of HFS . . . . . . .. .. .. ... .. ....... 66
5.5 Geometrical E ciency of Lyman- Detector . . . .. ... ... ....... 67
5.6 Line Shape Simulation Towards 10% Precision . . .. .. ... ... .... 68
5.7 Line Shape Simulation Towards 100 ppm Precision . . . . .. ... .. ... 69
5.8 Conclusion . . . . . ... 70
6 Commissioning of Lyman- detector 71
6.1 UV Photon Measurement . . . . . . .. ... ... ... ... ... 71
6.1.1 UV Photon Detection . . . ... ... ... ... . . ......... 72
6.1.2 Peaks from Di erent MCP Bias Scheme . . . . ... ... ...... 73

6.2 Pilot Measurement UsingH Beam & C-foil . . . . .. .. ... ....... 76
6.2.1 Productionof HBeam . . . . .. ... ... ... .. ... ..., 76
6.2.2 Intensity of H(2S) . . .. .. .. .. ... .. .. .. .. ... . ... 77
6.2.3 Attempt of Lyman- Photon Detection . ... ... ......... 81

6.3 p Background Measurement . . . . . . ... ... o 83
6.3.1 Setup and Characteristicsof pBeam . . . . .. ... ... ...... 83
6.3.2 Background Signal Detection . . . . ... ... ... ......... 85
6.3.3 Closed-valve Background Measurement . . . . ... ... ...... 88
6.3.4 Possible Source of the Background Events . . . . ... ... ..... 89

6.4 Conclusion . . . . . ... 92
7 H Production Experiment 93
7.1 Mixingon Flat Target . . . . . . . . . . ... ... ... 93
7.1.1 Waveform Analysis . . . . . . . . .. . ... e 95
7.1.2 Image Analysis . . . . . . ... 96

7.2 Mixing in Cavity Target . . . . . . . .. . . .. . .. . 97
7.2.1 Preliminary Waveform Analysis . . . . . . ... ... ... ...... 98

7.3 Conclusion . . . .. 99



CONTENTS CONTENTS

8 Conclusion 100
8.1 Summary . . .. e e e 100
8.2 Prospects . . . . . . . . . 101

8.2.1 Concerns of Lyman- Detection . . ... ............... 101
8.2.2 Plans of Spectroscopy Measurement . . . . ... ... ........ 102



List of Figures

1.1

2.1

2.2

2.3

2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12

3.1
3.2

3.3

3.4

3.5
3.6

3.7

3.8

3.9
3.10

Measured values of the PCR. See the text for details. . . . . . . ... .. .. 13

Scheme of the AD/ELENA facility including beam transfer lines to each
experiment. . . . . . .. e e 16
Theoretical cross-sections of (a) H atom formation in low-lying excited state
via the rst reaction shown in Equation (2.1), adapted from Reference [45],
and (b) H* ion formation via the second reaction shown in Equation (2.2)
assuming H(1S) and H(2S) incident on Ps(1S), adapted from Reference [49] 18
Schemes of the (a) at target and (b) cavity target, adapted from Refer-

ence [59]. . . ... e 19
Scheme and Photograph of the target holder. . . . .. ... ... ...... 20
Scheme of the GBAR beam line at the nal stage, adapted from Reference [60]. 21
Scheme of the drift tube decelerator updated in 2023. . ... ... ..... 22
Scheme of the p trap in the GBAR experiment. . . . . ... ... ...... 23
Scheme of the p beam line after the p trap until the end of the H beam line. 23
Photograph of the beam line components inside the reaction chamber. . . . 24
The GBAR LINAC type e* source, adapted from Reference [63]. . . . . . . 25
Scheme of the BGT in the GBAR experiment. . . .. .. .......... 26
Scheme of the HFT in the GBAR experiment. . . . . . ... ... ...... 26
2S1-, 2P;-, Lamb shift spectroscopy setup in the GBAR experiment.. . . 28
(a) 251-» 2P;-, Lamb shift transition and (b) observable line shape with

the decomposed contributions of the three transitions. . . . . ... ... .. 30

(a) Spectroscopy setup consisting of two consecutive MW apparatuses, and
(b) observable line shape with the decomposed contributions, when the HFS

isutilized. . . . . . . . 30
Structure of MW apparatus and the associated MW circuit components. . . 31
3D drawing of the Lyman- Detector, adapted from Reference [79] . . . . . 32

Two di erent schemes of biasing MCPs, (a) applying negative high voltages
on the front side of the MCPs, and (b) applying positive high voltages on
the back side of the MCPs. . . . . . . . . . .. ... .. ... 32
Photograph of the MW apparatus with borehole diameter and electrode
spacing of 20 mm, showing the view inside on the left and outside on the

right, adapted from Reference [79]. . . . . . . . . .. .. ... ... ..... 34
Lamb shift spectrum of the H atoms produced at the GBAR beam line,
adapted from Reference [60]. . . .. .. .. .. ... .. .. .. .. ... .. 34
Photograph of the switchyard electrodes adapted from Reference [56]. . . . 35
(a) Scheme of the H Detector, and (b) photograph of the MCP of adapted
from Reference [86] . . . . . . . . . . . .. 36



LIST OF FIGURES

LIST OF FIGURES

3.11

4.1
4.2
4.3
4.4
4.5
4.6
4.7

4.8
4.9

4.10
4.11

4.12

4.13
4.14
4.15
4.16

4.17

5.1

5.2

5.3

5.4

55

5.6

5.7

Road map towards the H Lamb shift spectroscopy experiment. . . ... ..

(a) 2D drawing and (b) photograph of the 20 mm MW apparatus previously
installed in the GBAR beam line. . . . . . . .. ... ... .. ........
Geometric parameters to be optimized using CST Microwave Studio. . . . .
Simulated S1; of the MWS, for di erent values of (a) Yy, and (b) Ye. . . . .
Simulated S;; of the MWS, for di erent valuesof Z,. . ... ... .. ...
Simulated S1; of the MWS, for di erent values of (a) Xp, and (b) Xe.
Simulated S;; of the HFS, for di erent valuesof Y. . . ... .. ... ...
(a) 2D drawing of the 30 mm MWS and (b) adjustment of Zy using washers
at the screw to formthebox. . . . . ... .. ... ... .. L.
(a) Simulated and (b) measured S;1 of the MWS, for di erent values of Zy,.
(a) 2D drawing of the 30 mm HFS, (b) inner electrode with copper lines to
connect to SMA connectors, and (c) view inside the apparatus. . . . . . ..
(a) Simulated and (b) measured Si; of the HFS, for di erent values of Yy. .
2D drawing of the aluminum support with the MW apparatuses mounted

(a) 2D drawing of the 4 channel SMA feedthrough and (b) how the support
is mounted on the feedthrough. . . . . . .. ... ... ... ... ... ...
Ultra-high Vacuum chamber to install the MW spectrometer. . . . . . . ..
View of the vacuum chamber with the MW spectrometer unit installed.
MW circuit components of (a) the MWS and (b) HFS. . . . .. .. .. ...
Total input power (blue) and the total output power (orange) to the MWS
when the signal generator outputs the power of 3dBm (0:5mw). . . . ..
Total input power (blue) and the total output power (orange) to the HFS
when the signal generator outputs the power of 3dBm (0:5mwW). . . . ..

Trajectories of the H beam in 2022, reconstructed from the transmission
e ciency of 68%. The beam diameter at the center of each component is
denoted. . . . . . . .
2D eld map of time averaged E; formed by the MWS at a total input power
of 10W, cut by yz plane. The maps are drawn for di erent frequencies of
(a) 600, (b) 1100, (c) 1500, and (d) 2000MHz. . . .. ... ... ... ...
2D eld map of time averaged E; formed by the HFS at a total input power
of 10W, cut by yz plane. The maps are drawn for di erent frequencies of
(a) 600, (b) 1100, (c) 1500, and (d) 2000MHz. . . .. ... ... ... ...
2D eld map of an absolute value of the DC E- eld vector formed by the
Lyman- detector, (a) with the downstream electrode applied 3000V and
the upstream electrode grounded, and (b) with the downstream electrode
applied 1500V and the upstream electrode 1500V. . . ... ... ... ..
Normalized angular distribution of Lyman- photons emitted from H atoms
via the Stark mixing between the 2S;-, and 2P,-, state under weak E- eld
assumption. . . . .. L e
Trajectory of a H atom (the black line) ying from the left to the right and
a Lyman- photon (the green line). A hit point of the photon on the MCP
is represented as the bluecross. . . . ... .. ... ... ... ... ...
Simulated line shapes of the Lamb shift transition obtained with di erent
total MW powers input to the HFS with a constant power of 5W input to
the MWS. . . .

46
47

48
49

51



LIST OF FIGURES LIST OF FIGURES

5.8 Quenching e ciency (orange circle) and acceptance (blue rectangle) of the
MCPs for the emitted Lyman- photons, simulated for di erent quenching
voltages applied on the downstream electrode with the upstream electrode

grounded. . . ... e 67
5.9 Monte Carlo simulation of the Lamb shift spectrum and a tting curve to
the spectrum, expected to be obtained in the rst measurement. . . . . . . 68

5.10 Monte Carlo simulation of the Lamb shift spectrum and a tting curve to
the spectrum, expected to be obtained in a high statistic measurement to
reach a derivation of the antiproton charge radius. . . . .. ... ... ... 69

6.1 Photographs of (a) the UV LED source and (b) how it looks from the top
ange of the MW vacuum chamber after installation. . . . . ... ... ... 72
6.2 (a) Waveforms from each MCP channel of the Lyman- detector and de-
tected peaks of the UV photons when 50V and 1950V were applied to
the front and back side of each MCP respectively, and (b) a close-up view
in the arbitrary time range for 10 's.. . . . . . ... ... ... .. ... .. 73
6.3 Pulse height spectra of the peaks detected at each channel of the MCP in
the UV photon measurements, with the front side of the MCP applied on
50V, 0V, 50V, and with the back side applied on 1950V, 2000V, 2050V
respectively, to keep the potential di erence 2000V. . . . . ... ... ... 74
6.4 Pulse height spectra of the peaks detected at each channel of the MCP in
the UV photon measurements, with the front side of the MCP applied on

2000V, 2100V, 2200V, and with the back side grounded. . . . . . . . 75
6.5 Setup of the H & C-foil experiment. . . . .. ... ... .. ........ 76
6.6 Photograph of the C-foil installed in the reaction chamber. . . . .. .. .. 77
6.7 Image from the CCD camera of theH detector obtained in the H & C-foil
eXperiment . . . . . . e e e 78
6.8 Waveform from the MCP of the H detector showing the TOF spectrum of
the H atoms with (blue) and without (orange) the C-foil. . . . .. ... .. 79

6.9 Simulated spectra of (a) scattering angle and (b) Kinetic energy of protons
injected on the carbon layer at 6 keV, for di erent thicknesses of the layer.
The kinetic energy spectra are shown only for the protons having scattering
angle small enough to hit theH detector. . . . .. ... ... ........ 79
6.10 Trajectories of the protons over the entire region of the spectroscopy setup,
reconstructed from the momentum vectors of protons simulated under the

carbon layer thickness of 10nm.. . . . . . .. ... .. .. ... .. ..... 80
6.11 Waveforms from each MCP channel of the Lyman- detector obtained from
one ELENA cycle, and detected peaks. . . . . .. ... ... ... ..... 81

6.12 Time series plot of the peak counts in the on-resonance (blue) and o -
resonance (orange) mode respectively, with error bars de ned as the square-

rootofthecounts. . . . ... . . ... .. ... ... 82
6.13 Histograms of the peak counts for both the o -resonance mode (orange)

and on-resonance mode (blue).. . . . . . . .. ... .. .. L oL 83
6.14 Setup of thep background measurement. . . . . . .. .. ... ... .... 84

6.15 Images of thep beam pro le taken from the MCP in the reaction chamber
(a) when the p beam passes through the free space, and (b) when the
beam passes through the cavity target and the collimator.. . . . . . .. .. 84
6.16 Waveforms of thep beam obtained from the MCP in the reaction chamber
(&) when the p beam passes through the free space, and (b) when the
beam passes through the cavity target and the collimator.. . . . . .. ... 85

7



LIST OF FIGURES LIST OF FIGURES

6.17 Waveforms and detected peaks from each MCP channel of the Lyman-

detector obtained from one extraction of thep beam from the trap. . . . . . 86
6.18 Histogram of the total peak count of all channels of the MCPs in the Lyman-
detector. The peaks outside the time window are also analyzed here.. . 87

6.19 Waveforms and detected peaks from each MCP channel of the Lyman-
detector obtained from one extraction of thep beam from the trap, obtained
in the closed-valve background measurement.. . . . . . .. ... ... ... 88
6.20 (a) Histogram of the total peak count of all channels of the MCPs in the
Lyman- detector, and (b) the same histogram with the full time range,
obtained in the closed-valve background measurement. The peaks outside
the time window are also analyzed here.. . . . . . . .. ... ... ..... 89
6.21 Histogram of simulated timing at which tracks hit the front surface of the
MCPs, stacked for some di erent particle types. All the ps are placed on
the surface of the valve with zero kinetic energy, so that all theps annihilate
atthe time-zero. . . . . . . . . . .. e 90
6.22 Histogram of simulated timing at which tracks hit the front surface of the
MCPs, stacked for some di erent particle types. ps are injected to the valve
asapencilbeamat6keV.. . . . . ... ... 91

7.1 Scheme of the GBARp/ H beam line as of 2022, adapted from Reference [443
7.2 Scheme of mixing the decelerateg beam and thee* beam with the at Ps

target, apapted from Reference [56]. . . . . . . . . . .. ... ... ... .. 94
7.3 (a) Waveform (green) of anH candidate event obtained from theH detector,

and (b) scatter plot of the timing and pulse height of the peaks which are

the highest peaks from each shot. (b) is adapted from Reference [44].. . . 95
7.4 (a) Pixel cluster of an H candidate event, and (b) correlation plot between

the pulse height of the highest peak in each shot and the largest charge

among clusters in the corresponding shot, displayed for the MIX(blue cir-

cle), BGD(orange triangle), and LPN(green cross) modes . . . . . . .. .. 97
7.5 Scheme of the GBARp/ H beam line as of 2024, adapted from Reference [598
7.6 Scatter plot of the timing and pulse height of the peaks being obtained by

the H detector using the 6keVp beamin2024.. . . ... ... ... .... 98



List of Tables

1.1 Contributions of the QED e ects and Egns to the 2S;-, - 2P;-, Lamb shift
in MHz, adapted from Table 7 in Reference [4].. . . . . .. ... ... ... 11

4.1 Sweep condition for each parameters of the MWS represented in 3.4.. . . 41



Chapter 1

Introduction

1.1 The Lamb Shift

In 1947, W. E. Lamb and R. C. Retherford carried out microwave (MW) spectroscopy on
a hydrogen atom (H) where the magnetic eld strength was varied, to nd an energy split
of around 105 GHz between the &,-, and 2P-, levels [L, 2].

While the Dirac equation explains the energy split between P, and 2P3-, levels of
H atom caused by spin-orbit interaction, it cannot describe the removal of degeneracy
between the 5;_, and 2P;-, levels. Shortly after Lamb and Retherford's experiment,
H. A. Bethe's theory, which considered the di erence between the self-interaction of the
electron in the hydrogen atom and that of a free electron, explained the mechanism of the
Lamb shift [3].

This work paved a way to the renormalization theory, and quantum electrodynamics
(QED), which integrated quantum mechanics and electromagnetism and was completed
by S. Tomonaga, R. P. Feynman, J. Schwinger, and others. Today, the Lamb shift has
been understood in the theory of quantum electrodynamics (QED), as an energy split
contributed by such perturbative e ects as electron's self-energy, vacuum polarization,
nuclear recoil e ect, and so on.

1.2 PCR and Recent Measurements of Lamb Shift

Besides the QED e ects, further contributions to the Lamb shift start to be seen in high-
precision measurements. The leading-order of such contribution is known as the nite
nuclear size e ect Egns, which is formulated for a hydrogen-like atom as f]:

_2(Z ) m 3,
Erns = 373 1y Rco (1.1)

where R¢ is the root-mean-square (rms) charge radius of the nucleus:
Z
Rc?2= d°r? (r) (1.2)

and (r) is the nuclear charge distribution. Z, , n, m;, m, and o stand for the atomic

number, ne structure constant, principle quantum number, reduced mass, electron mass,
and Kronecker-delta, respectively. Relativistic units are taken here. In the case of a H
atom, Rc? corresponds to the proton charge radius (PCR), which was rst determined by
an electron scattering experiment to be around 1fm in 19555].
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1. Introduction 1.2. PCR and Recent Measurements of Lamb Shift

Along with the progress of MW technology, high-precision spectroscopic measurements
of the 2S,-, 2P;-, Lamb shift in H atoms demonstrated determination of the PCR [6,7].

In the highest precision Lamb shift spectroscopy, adopting the frequency-o set separated
oscillatory eld (FOSOF) method | an advanced technique of Ramsey method [ 8] | the
resonance frequency was measured to a precision of 3 ppm, with the PCR determined to
a precision of 1% 9].

Furthermore, by utilizing a muonic hydrogen ( p ) atom | a two body system of a pro-
ton and a muon | ultra high-precision spectroscopic measurements of the Lamb shift were
achieved [10,11], and the PCR has been determined most accurately as:840 87(39) fm [L1]
among all the experiments conducted so far.

In the case of a H atom, by substituting this PCR value of the highest precision to
Equation (1.1), the frequency shift due to Erns was calculated as 0138 45(13) MHz .
Including this shift, contributions of the QED e ects to the 2 S;-, - 2P;-, Lamb shift are
tabulated in Table 1.1

Table 1.1: Contributions of the QED e ects and Egns to the 2S,-, - 2P,-, Lamb shift in MHz,
adapted from Table 7 in Reference4].

Contribution 2S:-, 2P1-» 2S1-, 2Pi-»

SE 1072958 455 12:858 661 (1) 1085817116 (1)
Ue 26:897 303 0:000 347 26:896 956

WK 0:000302 0 0:000 302

Ue( had) 0:00106 (1) 0 0:00106 (1)
SESE 0:29248 (16) 0:027 253 (4) 0:26523 (16)
SEVP 0:036 015 (20) 0:001241 0:037 256 (20)
VPVP 0:236911 0:000003 0:236 908
QED(ho) 0:00023 (12) 0:000216 0:00045 (12)
RRM 1:633931 0:011741 1:645672
REC 0:340469 0:016 656 0:357 125
REC(ho) 0:003 227 (92) 0:001335(4) 0:001892(92)
Erns 0:13845 (13) 0 0:13845 (13)
NUCL5 0:000014 0 0:000014
NUCL6 0:000 140 (49) 0:000001 0:000 139 (49)
FNS(rad) 0:000017 0 0:000017
NSE 0:000 585 (20) 0:000 001 (20) 0:000584 (28)
Total 1044994 66 (23)(13) 12:839 463 (21)(0) 105783412 (31)(13)

All the values in the column 2S;-, and 2P, are adapted from Table 7 in Reference{],
which summarized the following QED e ects:

~

SE (Self-Energy):
Interaction of the electron with its own electromagnetic eld.
~ Ue (Uehling):
Vacuum polarization e ects from virtual electron-positron pairs.

~ WK (Wichmann-Kroll):
Higher-order vacuum polarization e ects.

Ue( had) (Muon and Hadronic Vacuum Polarization):
Contributions from virtual muon pairs and hadronic e ects.

" SESE (Two-Loop Self-Energy):
Complex interactions between the electron and its eld, including second-order e ects.

SEVP (Self-Energy with Vacuum Polarization):
Interaction between the electron's self-energy and vacuum polarization e ects.

VPVP (Two-Loop Vacuum Polarization):
Higher-order vacuum polarization e ects involving multiple virtual particles.

11



1.3. PCR Puzzle 1. Introduction

" QED(ho) (Higher-Order QED E ects):
Various higher-order quantum electrodynamics corrections.

" RRM (Relativistic Reduced Mass):
Relativistic e ects due to the reduced mass of the electron-nucleus system.

" REC (Recoil Correction):
Motion of the nucleus in response to the electron's movement.

" REC(ho) (Higher-Order Recoil Correction):
Higher-order corrections to the recoil e ect.

~ FNS (Finite Nuclear Size):
The nucleus is not a point particle but has a nite size.

" NUCLS5 (Fifth-Order Nuclear Correction):
Fifth-order corrections related to nuclear e ects.

~ NUCLS6 (Sixth-Order Nuclear Correction):
Sixth-order corrections related to nuclear e ects.

" FNS(rad) (Radiative Finite Nuclear Size):
Radiative e ects combined with the nite size of the nucleus.

" NSE (Nuclear Self-Energy):
Energy shift due to the nucleus's own electromagnetic eld.

Then, the last column shows the values in 3,-, state subtracted from the values in -,
state. At the last row, the total values of each contribution are given, with the value
in the rst bracket representing the theoretical uncertainty and the value in the second
bracket representing the uncertainty of the frequency shift due to theEgns measured in
Reference 11]. In this evaluation, the resonance frequency of 3,-, - 2P;—, Lamb shift
transition in H atoms is computed to be 1057.834 12 (31)(13) MHz.

1.3 PCR Puzzle

Prior to the 2000's, a number of groups measured the PCR in electron-protongp) scat-
tering experiments and spectroscopy experiments using H atoms, yielding an average value
of about 0:88fm. In 2010, however, the p Lamb shift spectroscopy experiment was con-
ducted for the rst time and reported an ultra precise PCR value of 0:84184(67)fm [LQ],
which was signi cantly smaller than the conventional value around 088 fm. Since a muon
is 207 times more massive than an electron, gp atom has S state wave functions dis-
tributed closer to the proton. Consequently, the screening e ect arising from the nite
charge distribution of the proton is ampli ed, allowing for a very precise determination
of the PCR. This report prompted additional measurements as well as re-analyses of the
past measurements.

Figure 1.1 shows the PCR values obtained from these post-2010 measurements. The
data point on the top represents the CODATA 2010 recommended value determined by
conventional e-p scattering and spectroscopic studies on H atomslP]. The next value
is from the p Lamb shift spectroscopy, which rst reported the smaller PCR [10] and
motivated additional measurements. The rst measurement after the discovery of the
smaller PCR was made by are-p scattering experiment, which reported a value supporting
the conventional PCR [13], represented as the third data point from the top. Shortly after,
however, the p Lamb shift spectroscopy group updated their value represented as the
forth data point from the top, which has given the most precise PCR of 0840 87(39) fm
so far [11]. In 2017, a &5 - 4P spectroscopy experiment on H atoms reported a smaller
PCR [14] for the rst time. The next value, from a 1 S - 3S spectroscopy experiment in
2018, supported the conventional PCR 15]. The following value is derived from re-analysis
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1. Introduction 1.3. PCR Puzzle

by A. Marsman and E.A. Hessels et al. 16] on the value obtained from the H Lamb
shift spectroscopy in 1981 7]. Shortly after the re-analysis, Hessels's group performed
the highest precision H Lamb shift spectroscopy 9] adopting the FOSOF method, which
supported the smaller PCR. In 2019, a newe-p scattering [17] experiment was conducted
to nd the smaller PCR. The next two values are from a new 1S - 3S [18] and 2S - 8D [19]
spectroscopic studies on H atoms, both of which are a little o from the smaller PCR.
The last value is the CODATA 2022 recommended value of B840 75(64) fm RQ], which is
represented as the vertically lled area as a reference.

While recent multiple works support the smaller PCR, some others still favor the larger
PCR or disagree to the smaller PCR. The debate remains unsettled, and the PCR puzzle
continues to be actively discussed.

Figure 1.1: Measured values of the PCR. See the text for details.
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1.4. CPT symmetry and Antihydrogen Atom 1. Introduction

1.4 CPT symmetry and Antihydrogen Atom

Local quantum eld theory is a fundamental theoretical framework in modern physics,
which incorporates Lorentz symmetry as a postulate, ensuring that the laws of physics
remain consistent across all inertial reference frames.

In local quantum eld theory, CPT symmetry | the invariance of physical laws under
the simultaneous transformation of charge conjugation, parity inversion, and time reversal
| emerges as a consequence of Lorentz invariance, locality, and unitarity. This theory
serves as the foundation for the standard-model of particle physics. Under CPT sym-
metry, the fundamental quantities of particles are supposed to be identical to those of
antiparticles, such as mass, lifetime, and so on.

Meanwhile, a theoretical framework was proposed to incorporate microscopic CPT and
Lorentz violating e ects into the standard-model [21,22]. This framework, known as the
standard-model extension, allows for additional terms in the Lagrangian of the standard
model, resulting in a modi ed Dirac equation:

. 1 . .
i D me a° b s éHe +ic® D +id®* 5 D =0 (1.3)

where represents the Dirac matrices,me denotes the electron massPp = @ igA
serves as the covariant derivative with g representing the charge andA the Coulomb
potential. The fth Dirac matrix is represented by 5, while = ié[ ;] generates the
Lorentz group in the spinor representation. The coe cients a®;b°;c® ;d® ;H® represent
Lorentz-violating parameters. Among these coe cients, a® and b° also violate CPT sym-
metry. The state of the eld is denoted by . This modi ed Dirac equation can be applied
to other fermions as well. For free protons, the coe cients are adjusted accordingly:

el ab Bl ¢l P o P (1.4)

This generalized framework calls for stringent experimental test of Lorentz and CPT sym-
metry violations in various particle sectors.

In this context, an antihydrogen (H) atom | the simplest anti-atom system composed
of an antiproton (p) and a positron (e*) | serves as a promissing experimental probe
for testing fundamental symmetries between matter and antimatter. Such tests put con-
straints on the coe cients in the standard model extension such as the one in Equation
(1.3 [22].

H atoms were rst produced at the Low Energy Antiproton Ring (LEAR) facility at
CERN, located near Geneva, Switzerland 23]. This was followed by an observation at
Fermi National Accelerator Laboratory [ 24].

After the LEAR facility, the Antiproton Decelerator (AD) / Extra Low ENergy An-
tiproton (ELENA) facility [ 25{27] started to operate in CERN, which provides anp beam
with a relatively low kinetic energy of 100 keV.

At the AD/ELENA facility, various groups have been conducting fundamental physics
experiment on H atoms, such as ALPHA 28 and ASACUSA [29{31]] for spectroscopic
measurements.

Recently, spectroscopic studies ol atoms under a high magnetic eld by the ALPHA
collaboration have reported the resonance frequencies of ground state hyper ne structure
transition gsurs [32], 1S-2S two photon transition 15 »s [33], and 1S-2P Lyman-
transition 1s 2p [34] as follows:
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HEs = 1420:4(5) MHz (1.5)
1S 2S — 246606110307&(5:4) kHz (16)
1s 2p = 2466 051’70(12) GHz (1.7)

Furthermore, from the measurement results of 15 »s and 1s 2p, the resonance frequen-
cies of the 5, - 2P3-, ne structure transition »s,_, 2p,_, [39] and the 25,-, - 2P,
Lamb shift transition | amp [35] were reported to be:

25.., 2Py, = 10:88(19) GHz (1.8)

Besides the spectroscopic studies, measurements of the gravitational response tbf
atoms are also in progress by a couple of groups at the AD/ELENA facility such as
ALPHA-g [ 28], GBAR [36{39], and AEgIS [40{42]. These measurements are aimed to
test the Weak Equivalence Principle (WEP).The world rst observation of ag | the grav-
itational acceleration of H atoms under the Earth's gravitational eld | was accomplished
by ALPHA-g in 2023 [43], to nd:

ag =(0:75 0:13(statistical + systematic)  0:16 (simulation))g (1.10)

where g denotes the gravitational constant of 981 ms 2.

1.5 Motivation of Research

In the context that the PCR has been actively investigated by a variety of methods in-
cluding the Lamb shift spectroscopy, and that spectroscopic studies on thél atoms have
been achieved at the AD/ELENA facility, this research aims to perform high-precision
spectroscopy of the &,-,-2P,-, Lamb shift transition in H atoms.

While the ALPHA collaboration has indirectly determined the Lamb shift transition
frequency ofH atoms to be 099(11) GHz by comparing their results of laser spectroscopy
under a high magnetic eld environment [35], direct MW spectroscopy of the Lamb shift
in H atoms for precision measurements has not yet been attempted, and the antiproton
charge radius has not yet been experimentally investigated.

In the GBAR experiment [ 36{39] a beam-likeH atom has been produced via a charge-
exchange reaction with a positronium atom (Ps) | a bound state of e and e" | and
an p with a kinetic energy at a few keV [44]. Under this production scheme, theoretical
calculations predict the presence of 3 state H atoms [45]. Moreover, this atomic beam of
H atoms are transported through a magnetic eld-free environment.

As such, we have proposed a direct MW spectroscopy of theS3-, - 2P;-, Lamb shift
transition in H atoms in the GBAR H beam line [46,47]. This will be the world's rst
attempt of direct MW spectroscopy of the Lamb shift transition in H atoms, and a high-
precision result is expected. Furthermore, this study could contribute to the veri cation
of CPT symmetry through a comparison of the PCR and antiproton charge radius.
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Chapter 2

The GBAR Experiment

2.1 p Beam From AD/ELENA

The AD facility at CERN, is the only facility in the world capable of providing a low-
energyp beam. At the AD facility, the p beam is decelerated through repeated stochastic
and electron cooling down to a kinetic energy of 83 MeV. Moreover, the ELENA facility
has begun operation, which further decelerates and cools thp beam from the AD down
to 100 keV.

Through the transfer lines shown in Figure 2.1, each experiment at the AD/ELENA
facility receives the pulsedp beam with a kinetic energy of 100keV, and a bunch length
of about 150 ns as a full width half maximum (FWHM) [ 26,27], almost every 110 seconds.
The intensity of the p beam provided to each experiment reached 11 10° stably as of
2024, and has been improving. Concerning the LNE5O0 transfer line, which connects to
the GBAR experiment, the horizontal and vertical emittances at the extraction from the
ELENA were measured by the ELENA team in 2022 to be 29 mm mrad and 21 mm mrad,
respectively. These values are 2.5 times larger than the design valugy).

Additionally, a negative hydrogen ion (H ) beam with similar beam characteristics
to the p beam can be supplied almost every 15seconds as needed, allowing for a fast
optimization of the beam transport parameters at each experiment.

Figure 2.1: Scheme of the AD/ELENA facility including beam transfer lines to each experiment.
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2.2 Goal of GBAR

The GBAR (Gravitational Behaviour of Antihydrogen at Rest) experiment [ 36{39] aims
to observe the free fall ofH atoms cooled to several K and measure the gravitational
accelerationg on antimatter with a precision of 1% . The objective of this experiment is
to directly test the WEP, which states the equivalence of motion in a gravitational eld

for any object including antimatter.

Adopting an H atom as a probe for measuring such gravitational free-fall motion
has several advantages. FirstlyH atoms are electrically neutral, thus less susceptible to
electromagnetic elds compared to charged antiparticles such as ap or ae*. Additionally,

H atoms theoretically have an in nite lifetime, allowing for longer measurement durations
compared to neutral particle-antiparticle bound systems like Ps atoms.

In the GBAR experiment, an H* ion, which contains one extrae*, is to be produced
and trapped in an radio frequency (RF) ion trap. The H* ion undergoes sympathetic
cooling with beryllium ions (Be*) and Raman sideband cooling to achieve ultra-low tem-
peratures below the recoil limit at K levels. Finally, the extra e is dissociated using a
laser, enabling a precise measurement of the free-fall motion of thie atom.

2.3 Cross-sections of H/ H' Formation

In ALPHA or ASACUSA, H atoms are synthesized via the three body recombination
process of ong and two e* s by mixing each of them as a non-neutral plasma. In contrast,
in the GBAR experiment, a cloud of Ps atoms in the ground state or low-lying excited state
is rst prepared, then ps are injected as a beam with a kinetic energy of several keV, to
synthesize theH atoms or H* ions via the following two-stage consecutive charge-exchange
reactions:

p+Ps! H+e (2.1)
H+Ps! H'+e (2.2)

This production scheme is predicted to result in high cross-sections dfi atom formation in
low-lying excited state, while the three body recombination process leads to synthesizing
a large amount of H atoms in the Rydberg states.

Figure 2.2(a) shows theoretical cross-sections of théd atom formation in di erent
low-lying excited state via the rst reaction expressed by Equation (2.1) [45 assuming a
reaction with the ground state Ps, calculated by the Close Coupling method 45]. The
cross-sections were calculated as a function of the kinetic energy of the incidemt In
Figure 2.2(a), around 6keV, the total cross-section ofH formation is 13:4 10 6cm?,
while another work based on the Coulomb-Born approximation predicts a value of 3@®
10 6cm? [48].

In the case ofH(2S) formation, in Figure 2.2(a), the cross-section peaks around 6 keV
with a value of 1:87 10 6cm?, while the Coulomb-Born approximation predicts a value
of 6:01 10 6cm? [48].

Given the cross-section by the Close Coupling method, about 15% of the totaH atoms
produced via the reaction are expected to beH(2S) at the incident energy of 6 keV B9,
which will be available for the Lamb shift spectroscopy.

Concerning the H" ion formation via the second reaction expressed by Equationd.2),
Figure 2.2(b) shows theoretical cross-sections foH(1S) (black) and H(2S) (blue) incident
on Ps(1S) @B9. For each state of theH atom, cross-sections calculated by using the Le
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(@) (b)

Figure 2.2: Theoretical cross-sections of (a)H atom formation in low-lying excited state via the
rst reaction shown in Equation ( 2.1), adapted from Reference 45], and (b) H* ion
formation via the second reaction shown in Equation @.2) assumingH(1S) and H(2S)
incident on Ps(1S), adapted from Reference49]

Sech (LS) wave function (the solid curve) and uncorrelated Chandrasekhar (UC) wave
function (the dashed curve) are displayed. In addition, "New' and "OId' (in lighter shades)
calculation results are shown for each case. The "Old' results are from Referencsd{52)].
These works were corrected given Referenc&3], and the corrected calculations described
in Reference 9] are shown as the "New' results. One can see that the cross-sectiontf
ion formation increases towards the reaction threshold around % keV. Further works to
calculate cross-sections related to this reaction can be found in Referencg4] 55].

Needless to say, experimental verications of the theoretical cross-section in these
charge-exchange reactions themselves are of interest. In thé production experiment in
2022 B4], a lower limit of the cross-section in the rst reaction (2.1) with 6:1keV p and
Ps(1S) was evaluated to be 11(5) 10'® cm? in Reference $6]. For the charge conjugate
version of the rst reaction ( 2.1), cross-section measurements were performed in 1997 using
a proton beam incident on a Ps target at 113keV, 133 keV, and 158keV [57]. Besides,
the SPHINX project [58] in the GBAR collaboration aims at measuring the cross-section
in the charge conjugate version of the second reaction2(2) by producing a H beam from
the H ion beam provided by the ELENA facility.

2.4 Reaction Target

The consecutive charge-exchange reactions take place either on the at target illustrated
in Figure 2.3(a) or inside the cavity target illustrated in Figure 2.3(b). In Figure 2.3,
the part denoted as “Converter(s)' is made of a nanoporous silica layer. The* beam is
implanted onto this layer with an incident energy of a few keV, and Ps atoms are formed
inside the layer. After a few ns, only the ortho-positronium (oPs) atoms | having a
life time of 142 ns while the para-positronium has a life time of only 125ps | make it
back to the surface of the layer and form a cloud, which starts thermally di using in the
vacuum. In the case of the cavity target, the Ps cloud can be con ned and participate in
the charge-exchange reactions with a higher density than the case of using the at target.
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Figure 2.3: Schemes of the (a) at target and (b) cavity target, adapted from Reference 9.

These targets were attached on a movable holder shown in Figur2.4. The at target
and cavity target are the second and third component from the bottom illustrated respec-
tively in the scheme on the left side in Figure2.4. Right behind each target, there is an
electrostatic de ector to remove the p beam for reducing background for anH detector
downstream when the experiment is focused on théd detection. The target holder was
installed inside the reaction chamber schematically represented in Figur@.5.
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Figure 2.4: Scheme and Photograph of the target holder.
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2.5 The GBAR Beam Line

Figure 2.5 shows the scheme of the GBAR beam line at the nal phase of the experiment
set for measuring the gravitational accelerationg.

The 100keV p beam from the ELENA rst gets decelerated by a drift tube decel-
erator [56,61]. In 2023, a Penning-Malmberg trap B2] started operations to trap the
deceleratedp. The ps are cooled, bunched, and extracted to the reaction target.

The €* beam is generated by using an electron linear RF accelerator (LINAC) with
a relatively low electron energy of 9MeV B3]. The generatede* beam is accumulated
by using two Penning-Malmberg traps [64]. The rst trap is a Surko-Greaves type bu er
gas trap (BGT) [65,66] The second trap, called high eld trap (HFT), accumulate e*s
on the order of 1¢ during the AD cycle of 110seconds€7]. The trapped e*s are then
extracted towards the eld-free region around the reaction target [68] to be implanted
onto the reaction target.

Inside the reaction chamber in Figure 2.5, the movable target holder shown in Fig-
ure 2.4 is installed, and the charge-exchange reactions expressed by Equati¢h{, 2.2)
take place. After the reaction target, the p, H atom, and H* ion pass through the Lamb
shift setup and their trajectories are separated by an electrostatic switchyard, to transport
the H* ion to the free fall chamber, where the apparatuses and detectors will be installed
for the gravitational free-fall measurement.

Figure 2.5: Scheme of the GBAR beam line at the nal stage, adapted from Referenceg[)].

2.5.1 p/H Beam Line

The 100keV p beam from the ELENA is slowed down to several keV by the drift tube
decelerator, as illustrated in Figure 2.6 which is seen from the side. All the dimensions in
the gure are in mm. The x-axis and z-axis at the bottom left in the gure denote the p
beam axis and the vertical axis, respectively. Thep beam rst gets focused by a triplet of
electrostatic lenses ("VO0, V1, V2", or an Einzel lens (EL), and injected to the drift tube
('Drift Tude'). There used to be one more EL right before the drift tube in 2022, as in
the original design [B1]. However, it was removed in 2023 given the analysis described in
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Reference %6.

A speci ¢ value of high voltage is applied on the drift tube in advance, and rapidly
switched to the ground at the arrival time of the incident p beam to decelerate thep beam
to the desired value of kinetic energy. Decelerations down to 3keV were stably achieved
as of 2024.

After the drift tube, another EL (CEL out’) and an electrostatic steerer ("Steerer De-
cel') are available to compensate the divergence of the decelerated beam and adjust the
trajectory. The beam is then transported to the p trap.

Figure 2.6: Scheme of the drift tube decelerator updated in 2023.

Figure 2.7 shows a cross sectional side view of thp trap and the beam line before
and after. The design of the trap is based on the MUSASHI trap from ASACUSA B9,
which is further based on the p trap from ALPHA. A uniform magnetic eld with a
central eld strength of 5T is formed by a superconducting solenoid magnet cooled by a
Gi ord-McMahon (GM) cryocooler. The incident pbeam is rsttrapped by using the high
voltage (HV) electrodes and the multi ring electrode (MRE'"). For an e cient trapping,
the p beam decelerated down to 3keV is injected to the trap, and the trapping HVs are
set at 8kV. The trapped ps are then cooled for 5seconds with electrons on the order of
10°, which are pre-loaded inside a harmonic potential well of a depth of 140V and a width
of around 100 mm formed by the MRE.

One of the ring electrode in the MRE is divided into four segments radially. By
applying RF signals phased at intervals of =4, a rotating E- eld is formed to compress
the p plasma radially while performing the electron cooling. This is known as the rotating
wall (RW) technique [70,71]. The radial compression is typically performed with the RF
signal of 8MHz and 10V. Once the cooling and compression are completed, electrons are
rst kicked out. Then, the ps are bunched, focused, and extracted towards the reaction
chamber. The bunch length after the extraction at 6 keV was preliminarily measured as
150 ns as FWHM, which is almost the same value as that of the 100 ke beam from the
ELENA.

Figure 2.8 shows the beam line components seen from above after tipetrap till the end
of the H beam line. The p beam extracted from the trap rst passes through an EL ((QB-
EL") and a steerer ("Steerer QB'), and its trajectory is further adjusted by an electrostatic
guadrupole triplet (‘Quad-Triplet) and another steerer (‘Steerer QT' ). Finally, the p
beam is injected to the reaction chamber ("Reaction Chamber").

Inside the reaction chamber, there is an iris diaphragm (lris") to cut the halo of the
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Figure 2.7: Scheme of thep trap in the GBAR experiment.

p beam, which is followed by the reaction target (‘Target') attached on the target holder
shown in Figure 2.4. A photograph of the iris diaphragm and target holder is shown in
Figure 2.9. The component between the iris and target holder is an assembly of high
voltage electrodes and Faraday cup to be used in the SPHINX projectdg].

Figure 2.8: Scheme of thep beam line after the p trap until the end of the H beam line.

After the reaction chamber, there are a vacuum chamber ("MW') to house a MW
spectrometer, and a Lyman- photon detector ("Ly- ') for the Lamb shift spectroscopy,
which are followed by an electrostatic switchyard (" Switchyard’) and anH detector ((MCP-
p5'). Concerning these components, detailed descriptions are given in Sectidh
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Figure 2.9: Photograph of the beam line components inside the reaction chamber.
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2.5.2 €' Beam Line

Figure 2.10[63] is an illustration of the LINAC used in the GBAR experiment to generate a
pulsede® beam. On the left side of the gure, RF linear accelerator (‘Linac'), a tungsten
(W) target (‘Linac target'), and coils for transporting the generated e*s (‘Coils’) are
shown.

The LINAC produces a pulsed beam of electron with a kinetic energy of 9 MeV and
a repetition frequency ranging from 5Hz up to 300Hz. The electron beam is irradiated
onto the W target to produce €"s with a kinetic energy up to 7MeV through the pair
creation process by -rays induced inside the W target. Since the energy of the produced
€' s is too high, the e* s are immediately passed through a moderator made of 20m thin
W wires. The wires were annealed at very high temperature to increase the e ectivee*
di usion length and to clean the surface. Subsequently, thee® s are extracted at 50 eV
from the moderator surface into vacuum. As such, the GBAR LINAC type " source is
capable of generating a pulsece® beam with a relatively high production rate of about
5 10’ per second, even with a relatively low-energy and low-power electron bean63).

Figure 2.10: The GBAR LINAC type €' source, adapted from Referencetp).

The generatede’ s are then trapped, cooled, bunched, and accumulated by using the
BGT and HFT. Figure 2.11shows a scheme of the BGT. The BGT consists of three stages
under a solenoid magnetic eld of 45mT. The BGT used to have the Surko-Greaves type
structure composed of three di erent stages as it was originally designed6f]. However,
in 2023, the BGT was upgraded to accommodate a remoderator made of a silicon carbide
(SiC) single-crystal wafer at the end of the rst stage of the BGT, and the electrode stacks
in the rst and second stage were modi ed.

The SiC remoderator basically has replaced the nitrogen (M) gas in the original design,
for capturing the incoming e€"s. The e* s extracted from the LINAC has a kinetic energy
from 50eV to 150 eV, and get implanted onto the SiC wafer. Thee* s are then re-emitted
with a kinetic energy around 3eV, and trapped in the potential well of the rst and
second stage more e ciently than in the original design. The trapped €*s are cooled
through inelastic collisions with carbon dioxide (CO,) gas, and radially compressed by
the RW wall technique [70,71]. The gas cooling and radial compression are performed for
125 ms, then thee* s are transported to the third stage. In the third stage, further cooling
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