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Positronium is an ideal system for research into bound-state quantum electrodynamics. In this
paper, many properties of positronium are precisely measured and compared with theory. Two
properties, the lifetime of ortho-positronium and ground-state hyperfine splitting, are discussed.

1. Introduction

Positronium (Ps), the bound state of an electron and a positron, is a purely leptonic system and
is a very light two-body atom similar to hydrogen. The properties of Ps are described by bound-
state quantum electrodynamics (QED). The calculation of bound-state QED is not as easy as that of
QED for free particles, because it describes a ‘bound’ system in which Coulomb exchange is not a
small effect. To calculate this, a special treatment like a non-relativistic quantum electrodynamics
(NRQED) approach is required; recently, many studies of Ps have contributed to the development of
bound-state QED [1,2].

There are two important merits of using the Ps atom to study bound-state QED. One is that Ps is free
from hadronic effects. Since Ps consists of two leptons, no uncertainty like the proton charge radius
exists. Because of its lightness, hadronic momentum transfer, which can be seen in the muonium
calculation, can also be ignored. Another merit of Ps measurement is that Ps is a pair consisting of a
particle and its antiparticle. Their masses and magnetic moments are exactly the same, and there is
no uncertainty about their ratio.

From the experimental point of view, the convenience of Ps creation is a great advantage. Only
radioisotopes like 22Na or %8Ge—Ga are needed to create this simple matter—antimatter system, and
no accelerators or reactors are required. Our group has studied Ps for more than 20 years as a probe
to search for new physics beyond the standard model and to study bound-state QED precisely. Our
studies are divided into two categories: one is the search for rare decay modes of Ps, to search for
new physics beyond the standard model. Since Ps is at the low-energy limit of et e~ colliders, its
rare decay search is sensitive to a new light particle with very weak couplings. Various searches have
been done by many groups [3—17]. The other category is the precision measurement of Ps properties
to study bound-state QED. In this paper, we focus on the precision measurements of Ps, and show our
two experiments, the measurement of the lifetime of ortho-positronium (o-Ps) and the measurement
of the hyperfine splitting of ground-state Ps.

2. Lifetime measurement of ortho-positronium

Two ground states of Ps, the triplet 13S; state (o-Ps) and the singlet 1'Sy state (para-positronium,
p-Ps) give a clear demonstration of the C-parity conservation law. p-Ps has an ‘even’ eigenstate under
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C conjugation; it decays to even y rays, mainly to two 511 keV back-to-back monochromatic y rays.
0-Ps has an ‘odd’ eigenstate, and it decays to odd y rays, mainly to three continuous-energy y rays.

The lifetime of p-Ps was precisely measured in 1994 by using a magnetic mixing method [18]. The
experimental value is

Tp-ps = 1/ Tpops = 1/(7990.9 £ 1.7 s~ 1) = 125.1 ps, (1)

which s in good agreement with the theoretical calculation [19,20], I'p-ps = 7989.62(4) ws~!, within
an experimental error of 200 ppm.

On the other hand, the lifetime of 0-Ps (t,-ps =~ 142 ns) is larger than that of p-Ps by about three
orders of magnitude, because of three-body decay. In the first half of the 1990s, there was a long-
standing problem, called the ‘o-Ps lifetime puzzle’. Three precise measurements [22—24] of the o-Ps
decay rate were performed by the Michigan group, and all reported a much larger decay rate—by
around 1000 ppm—than the QED prediction. In an effort to clarify the discrepancy, various exotic
decay modes have been searched for, without any evidence [7-17].

This ‘o-Ps lifetime puzzle’ was solved in 1995 by our group [21]. The key to solving it was the
‘pickoff’ annihilation during the thermalization process of Ps. Since the binding energy of Ps is
6.8 eV, Ps has a kinetic energy of about 1 eV just after formation. The formed Ps slows and is cooled
down toward a thermal energy of about 0.03 eV (‘thermalization’) by colliding with surrounding
atoms. In this process, some portion of the Ps inevitably causes pickoff annihilation with the atomic
electrons. The observed o-Ps decay rate Aqpg 1s a sum of the intrinsic o-Ps decay rate A3, and the

pickoff annihilation rate Apick, i.€.
Aobs (1) = )\3)/ + Apick(t)- (2)

In all previous experiments, Apick was assumed to be constant; this assumption was wrong because
the collision rate depends on the velocity of Ps, which slows down during the thermalization process.

Our group directly measured the pickoff rate with high energy-resolution germanium detectors
and corrected its effect on the o-Ps lifetime. The experimental setup is shown in Fig. 1. A ®¥Ge-Ga
positron source with a strength of 11 kBq, being sandwiched between two sheets of plastic scintilla-
tors (trigger scintillators, NE102 thickness = 0.2 mm) and held by a cone made of aluminized mylar,
is placed at the center of a glass beaker. The beaker is filled with SiO, aerogel or powder whose den-
sity is 0.03 g/cm?, and evacuated down to 1 x 1072 Torr. The surfaces of the SiO, grain are replaced
with hydrophobic ones in order to remove the electric dipole of the OH-. The inner surface of the
beaker is surrounded by 1 mm-thick plastic scintillators to veto the positron passing thorough the sil-
ica. Three high-purity coaxial germanium detectors (Ortec GEM38195) and four 50 x 50 x 33 mm
YAP (YAIOs3:Ce doped) scintillators are placed around the beaker.

The o-Ps lifetime spectrum is observed as the time difference between the signal from the trigger
scintillators and that from the YAP scintillators (Fig. 2 (left)). In this spectrum, three components, the
prompt peak at the timing origin in which the positron annihilations and p-Ps decays are contained,
the accidental flat distribution, and the o-Ps decay curve including the pickoff events, are clearly
seen. To estimate the pickoff effect, the energy spectrum obtained by the germanium detectors is
used. Due to their high energy resolution, the 3y spectrum emitted from o-Ps decay can be separated
from the 2y spectrum from the pickoff process with the germanium detectors. Our group carefully
estimated the pickoff rate against the 3y decay rate (A,ick/A3y) as a function of time, as shown in
Fig. 2 (right). As shown, it takes a long time for the produced Ps to be well thermalized, and the
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Fig. 1. The experimental setup for the lifetime measurement. Republished with permission from [28].
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Fig. 2. (Left) Measured o-Ps timing spectrum with the YAP scintillators. (Right) Timing dependence of
the pickoff rate. Apick changes slowly due to the slow thermalization process. Republished with permission
from [28].

population of 0-Ps at time # (N (¢)) should be expressed as

t . /
N(r) = Noexp {—ksy /O (1 + M) dr/} . 3)

3y
Considering the detection efficiency and the random stopping rate correction, we fitted the o-Ps decay
curve with Eq. (3). As a result, we solved the o-Ps lifetime puzzle, and we pinned down the decay
width of 0-Ps to 150 ppm accuracy, [o-ps = 7.0401 = 0.0006(stat.) T o00a(sys.) ws ! [27]. After
the first measurement [21] of our group, the Michigan group performed another measurement [25].
They used a porous silica film optimized for the full thermalization of Ps as the Ps formation region,
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Fig. 3. (Left) History of the o-Ps lifetime measurements. The lifetime puzzle was solved by our measurements
in 1995. (Right) Decay rates measured in the last four experiments and their combined result. The predictions
of bound-state QED are also shown as lines. The combined result is consistent with the O(a?) correction.
Republished with permission from [28].

and also confirmed the o-Ps lifetime consistent with the theoretical calculation. Four precise mea-
surements [21,25-27] have been achieved by our group and the Michigan group, and the lifetime
predicted with bound-state QED has been confirmed in an O(«?) order correction (Fig. 3).

3. Positronium hyperfine splitting interval

The energy levels of the ground states of o-Ps and p-Ps differ slightly; the difference is called
Ps hyperfine splitting (HFS). Ps HFS is significantly larger (about 203 GHz) than hydrogen HFS
(1.4 GHz) because of the following two reasons: (1) The magnetic moment is proportional to the
inverse of the mass, thus a large spin—spin interaction is expected for Ps. (2) o-Ps has the same
quantum number as a photon, thus o-Ps undergoes quantum oscillation through a virtual photon;
0-Ps — y* — 0-Ps. This oscillation frequency of 87 GHz contributes only to the o-Ps, and makes
Ps HFS larger.

The value of Ps HFS was first measured in 1952 as 203.2(3) GHz [29]. After the first measurement,
the accuracy of the measurement was improved until the two most precise measurements achieved
in 1974 and 1983 by the Yale group [30] and the Brandeis group [31,32], respectively. The results
of these two groups are consistent, and the combination of them is 203.388 65(67) GHz (3.3 ppm).
On the other hand, the accuracy of the theoretical calculation was worse than that of the experiments
until the 1990s. A new calculation method including the higher-order correction was established
and the second and third corrections were performed [33-35] in 2000. The current value of the QED
prediction is 203.3917(6) GHz (2.9 ppm) and a significant discrepancy of 15 ppm (3.90) is observed.
This might mean the existence of new physics beyond the standard model. A new light particle that
weakly couples to electrons could explain this discrepancy. However, we should carefully check the
possibility of systematic errors missed in all the previous experiments.
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Fig. 4. Energy levels of Ps ground states under a static magnetic field. The arrows 1, | mean the spin of the
electron, and 1}, | means that of the positron.

3.1. Old experiments and systematic errors

Since it is difficult to produce and handle high-power 203 GHz millimeter waves, all previous Ps
HFS measurements have been performed with an indirect method with a magnetic field. The static
magnetic field causes Zeeman mixing between the m, = 0 states of 0-Ps and p-Ps, and the new
mixed state, |4+ >, has an energy level that depends on the strength of the magnetic field strength
and Ps HFS (Fig. 4). On the other hand, the m, = +£1 state of 0-Ps is constant under the magnetic
field. The Zeeman shift between these two states was measured in all the previous experiments. They
set an RF cavity filled with gas (N>, Ar, He, etc.) under a static magnetic field (~0.8 T). Inside the
cavity, a BT source was attached, and Ps was formed in the gas. Changing the static magnetic field
strength changes the Zeeman shift of Ps. When the shift matches the applied microwave RF frequency
(~2.3 GHz), 0-Ps of m, = +£1 transits to the |4 > state. |+ > immediately decays to back-to-back
511keV y rays, so the Zeeman resonance can be detected as the increase of 2y decays as a function
of the magnetic field strength. Since Ps is produced in the gas, the Ps collides with the gas molecule
and the electric field of the gas molecule causes a shift in the energy state called the Stark effect. To
estimate this effect (about 10 ppm for 1 atm gas), the previous experiments repeatedly measured Ps
HFS at various gas pressures, and extrapolated HFS in the vacuum from the obtained values. This
extrapolation is the same as in the lifetime measurements.
There are two possibilities for systematic errors in the previous experiments.

e In the 1970s and 1980s, the technology of superconductive magnets was not mature, and the
previous experiments used normal magnets to make the static magnetic field. Due to the limited
size of the magnets, non-uniformity of the magnetic field in the RF cavity was larger than about
10 ppm, and it was corrected for in their analysis. However, the errors of the magnetic field
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Fig. 5. A schematic view of the direct measurement of Ps HFS. Reprinted figure with permission from [38].
Copyright (2012) by the American Physical Society.

are enhanced and propagated on the final HFS results by a factor of 2. Non-uniformity of the
magnetic field might cause the unknown sstematic errors.

e In the extrapolation procedure to correct for the Stark effect, Ps is assumed to be well ther-
malized, and the mean velocity of Ps is constant at all gas pressures. As shown in Sect. 2,
this assumption causes a serious systematic error in the lifetime measurement. The HFS
measurement would also be affected by this effect.

Recently, two new measurements using different methods have been made. One is measured via
oscillations in the angular distribution of annihilation y rays arising from quantum interference
between 0-Ps and p-Ps [36]. The other is a measurement of the difference between two Ps Lyman-o
transitions using saturated absorption spectroscopy [37]. But neither of them have enough accuracy
to clarify the discrepancy between the previous experiments and the theoretical calculation. We report
our new two trials to examine Ps HFS.

3.2.  Direct measurement of Ps HFS

Direct measurement of the HFS transition without a static magnetic field is completely free from
systematic errors related to the magnetic field. The difficulty in direct measurement is the lack
of a powerful light source, which overcomes the suppressed M1 transition (the transition rate
is 3 x 107?s~!). We have developed a powerful millimeter-wave light source and successfully
observed the direct transition. A schematic view of our experimental setup is shown in Fig. 5. The
main components are as follows.

e Gyrotron: The gyrotron is a novel high-power radiation source for the sub-THz to THz fre-
quency region. Cyclotron radiation from electrons emitted by the electron gun into a magnetic
field is coherently enhanced in the resonant cavity of the gyrotron, and enhanced photons
are emitted from its output window (Fig. 6). We use a gyrotron FU CW V, which produces
202.89 GHz radiation in TE(3 mode in 15 ms pulses at 20 Hz [40]. Its output power is moni-
tored and stabilized by a feedback system to the voltage of the heater of the electron gun. As a
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Fig. 6. A schematic of a gyrotron. Republished with permission from [39].

result, it can operate stably at about 300 W power within 10% fluctuation for more than a week.
This long-time stable operation enables us to perform spectroscopy with a gyrotron.

e Mode converter: The TEp; mode milliwave radiation from the gyrotron is converted geo-
metrically to a bi-Gaussian beam with a step-cut waveguide and a Vlasov antenna (a large
parabolic mirror). Two parabolic mirrors after the antenna (M1 and M?2) are used to convert
the bi-Gaussian beam to a Gaussian beam. The power conversion efficiency of this converter is
28 4 2% due to a limitation in the purity of the TEg3 mode of the gyrotron output. The beam
splitter (BS) splits the beam and its reflection from the cavity, and each power value is monitored
with pyroelectric detectors (PY).

e Fabry—Pérot cavity: The Gaussian beam is accumulated in a Fabry—Pérot cavity made with a
gold mesh plane mirror (¢ = 50 mm) and a copper concave mirror (¢ = 50 mm, curvature =
300mm). The gold mesh plane mirror is made on a SiO; plate using photolithography and the
liftoff technique. The mesh is designed with CST Microwave Studio, in which all materials are
simulated, and the line width and separation are 200 um and 160 wm, respectively, to obtain
high reflectivity (99.38%) and reasonable transmittance (0.39%). When the cavity length (136
mm) is equal to a half-integer multiple of the wavelength of the milliwave light (about 1.5 mm),
this cavity resonates and stores the beam. The cavity length is controlled by moving the copper
concave mirror, which is mounted on a piezo-controlled stage (Nano Control TS102-G). The
resonance of the cavity is monitored by a pyroelectric monitor, which is coupled with the cavity
through a small hole (¢ = 0.6 mm) at the center of the copper concave mirror. From the width
of the resonance peak against the cavity oscillation length, the finesse of the cavity is estimated
as F = 623 £ 29 (Fig. 7). The power accumulated in the cavity reaches about 10 kW.

e B tagging and y detection system: A 780 kBq 22Na positron source is used for the Ps formation.
The emitted positrons pass through a thin plastic scintillator (NE-102, thickness = 0.1 mm) at
the entrance of the cavity and produce light pulses. These light pulses are observed by two 2-inch
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Reprinted figure with permission from [38]. Copyright (2012) by the American Physical Society.

photomultiplier tubes (PMTs, Hamamatsu R5924-70), and the coincidence of these two PMTs is
used as a tag for Ps formation. The cavity is filled with a gas mixture of 1.9 atm N; and 0.1 atm
iC4H4. This gas component is optimized taking the Ps creation probability and the 203 GHz

milliwave transparency into account. About 1/4 of the positrons form Ps in the cavity, and the y

rays from its decay are detected with four LaBr3(Ce) scintillators (¢ = 1.5inch, L = 2.0 inch).
They are attached to four PMTs (Hamamatsu R5924-70), and their energy resolution is 4%
(FWHM) at 511 keV. The time window is set from 50 ns to 350 ns for the timing interval between
the tag and the LaBr3 scintillators, and o-Ps-related events can be selected from the background

events of positron annihilation. The energy of the tag scintillator is taken with long and short
gates, and the ratio of the two gates is used for pileup rejection (Fig. 8 (left)).

With this setup, we have achieved the first observation of the direct transition of Ps HFS. All
acquired data are separated into two categories, ‘beam ON’ and ‘beam OFF’, which reflect the duty

cycle of the gyrotron, and the total period of data-taking is about two weeks. The energy spectra of

the remaining events are plotted in Fig. 8 (right). A clear enhancement of 511 keV events can be
seen in the beam ON spectrum. The difference between these two spectra is the component of the
0-Ps — p-Ps transition, and its rate is 15.1 & 2.7(stat.)f8:§(sys.) mHz. The transition probability

(or Einstein’s A coefficient) can be calculated from this rate and the accumulated power of the 203
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GHz millimeter wave (11.03:2 kW). The result is A = 3.1J_r{:g x 1078 s~ this is consistent with

the theoretical value of 3.37 x 1078 s~1[41].

After the success of this first observation, this experiment is on the next step, the first direct mea-
surement of the Ps HFS value. A frequency-tunable gyrotron and a mesh mirror with a high power
tolerance have been developed for the new measurement. Since the frequency of the gyrotron output
is determined by its cavity size, the new gyrotron (FU CW G1) is designed for the easy replacement
of'its inner cavity. The cavity of FU CW G1 can be replaced without breaking the vacuum of the mag-
netron injection gun. All the necessary cavities have already been prepared. As for the Fabry—Pérot
cavity, the material of the gold mesh mirror has been changed from a SiO; plate to a high-resistance
silicon plate. Due to the bad thermal conductivity of SiO; (5 WK™! m_l), the mesh mirror used so
far has melted away under the accumulated power of 20 kW. The new mirror, made of silicon, has
good thermal conductivity (150 WK~! m~!) and is confirmed to be cooled with water under a power
of about 25 kW.

The new measurement will be started this year, and the result with an accuracy of O(100 ppm) will
be obtained within about a year.

3.3.  New precision measurement of Ps HF'S

The direct measurement of Ps HFS opens a new horizon for Ps measurement and milliwave optics,

but more effort is needed to confirm the Ps HFS discrepancy of 15 ppm. The most promising way

of testing the discrepancy is utilizing Zeeman mixing with a new experimental method. We have

constructed a completely new experimental apparatus, taking special care over systematic errors.
Our apparatus is shown in Fig. 9.

e Magnet: A large-bore superconducting magnet is used to produce the static magnetic field
B ~ 0.866T. The bore diameter is 800 mm, and its length is 2000 mm. The magnet is oper-
ated in persistent current mode, making the stability of the magnetic field better than 41 ppm.
A copper cavity for Ps creation is placed at the center of the bore, and coils wound around the
cavity compensate for the slight gradient of the magnetic field. As a result, the uniformity of
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the magnetic field in the Ps creation region (¢ = 40 mm, L = 100 mm) is 0.9 ppm (RMS). This
value is significantly improved from that of the previous measurements at the 10 ppm level.

e Cavity and RF system: Ps is created in the copper cavity, the size of which is ¢ = 128 mm and

L = 100 mm. The cavity is filled with pure iC4H¢ gas for Ps creation, and its pressure is tuned
from 0.1 atm to 1.5 atm to evaluate the gas effect on Ps HFS. Before being filled with gas, the
cavity is evacuated and baked at 60 °C for about a week to avoid water-vapor contamination.

This cavity is also used as RF storage for the Zeeman transition. The size is tuned for a TMjg
mode of 2.856 MHz RF (S band). The Q value of the cavity is about 11 000. A GaN amplifier
is used to feed 500 W continuous RF to the cavity, and solid waveguides are used between the
amplifier and the cavity for stable operation. The transmitted power and phase are monitored
and stabilized with their feedback to the input of the amplifier.

e f3 tagging and y detection system: The 8 tagging and y detection system is similar to that for

the direct HFS transition system described in Sect. 3.2. Positrons are fed from a >*Na source
(1 MBq), and pass a thin plastic scintillator (thickness = 0.2 mm), a signal from which is used
to tag the Ps creation. The positron stops in the cavity, filled with iC4H¢ gas, forming Ps. Ps
decays into photons that are detected with six LaBr3(Ce) scintillators.

As well as the direct measurement, the timing information on the interval between the 8 tag
and y ray enables us to select the Zeeman transition events from the prompt annihilation events.
This improves the S/N ratio by a factor of about 20 compared to the previous measurements.
Furthermore, we can select well thermalized Ps with the timing information. This means that
one of the systematic problems, the nonlinear dependence of the Stark effect on the gas pressure,
can be solved. The thermalization process in iC4Hq gas is also studied in detail using another
setup with a germanium detector.

The experiment was first performed in July 2010 and is ongoing. In Fig. 10, the measured timing

and energy spectra with and without RF are shown. In the timing spectra, the events of Zeeman

transitions increase at around 100ns. These events are clearly shown in the energy spectra after

the timing cut between 35ns and 155ns. The 511 keV peak caused by the Zeeman transition only

appears in the RF-on spectrum. From the difference in the peak between RF-on and -off, the amount

of

the Zeeman transition is obtained. This value is scanned with the static magnetic field, and a

Zeeman resonance curve is obtained, as shown in Fig. 11. From the center value of this resonance,

we obtain the Ps HFS value in the gas. By changing the gas pressure, we obtain the dependence on the

gas density. As shown in Fig. 12, we have already done many measurements at different pressures;
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Fig. 11. Zeeman transition rate dependence as a function of the static magnetic field. From the center of this
resonance curve, the Ps HFS value is calculated.
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Fig. 12. Measured HFS values versus gas pressure. The bound-state QED prediction of O(a*Ina™") and the
average result of the previous experiments are also shown.

however, it is not so simple to extrapolate the value at vacuum from these points. Although well
thermalized Ps events are selected in our measurements, the nonlinear effect should be carefully
checked at low pressure. Detailed analysis is ongoing, and the final results will be obtained next
spring.

4. Summary

Positronium is an ideal system for the search for new physics beyond the standard model and research
into bound-state QED. Many theoretical and experimental works have been done to investigate the
properties of Ps. Two discrepancies between the theoretical calculations and the experimental values
had been observed in the o-Ps lifetime and the ground-state HFS. The lifetime disagreement was
identified as a systematic error in the experiments, but the HFS one is still unknown. We are trying
to clear up this discrepancy with two new methods, direct measurement with the millimeter-wave
technique and Zeeman measurement with timing selection. Each method will obtain results within a
year.
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