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Abstract

This work presents measurements of n = 2 Positronium (Ps) to explore and test

bound state quantum electrodynamics theory. A pulsed positron beam was used to

produce ground state Ps from a mesoporous silica target. The metastable 2 3S1 state

was produced using a single-colour, single-photon laser excitation in an electric

field to generate a Stark mixed state which evolved into the pure 2 3S1 state upon

adiabatic removal of the electric field. In the first experiment the 2 3S1 annihilation

decay rate was measured by determining the 2 3S1 population over time and correct-

ing for losses. The final result was Γ2S = 843±72 kHz, a precision of only 8.5%, but

in agreement with theory at 890.0±1.4 kHz. This precision it is not sufficient to test

QED corrections, but does represent the first measurement of a Ps excited state anni-

hilation decay rate. In the second experiment ∼ 8.6 GHz microwave radiation from

a horn antenna was used to investigate the effect of microwave reflection induced

frequency dependent power on the measured resonance frequency and asymmetry

of line shapes of the 2 3S1 → 2 3P2 fine structure interval. This established that horn

antennas create microwave fields with a significant component of reflected radia-

tion, inducing shifts of ±4 MHz from the expected transition frequency but without

asymmetry. Finally, in the third experiment, a new precision measurement of the

2 3S1 → 2 3P2 interval was made for a result of 8627.94 ± 0.95 MHz, 1.3σ from

the theoretical value, an improvement over the previous measurement which was 4σ

from theory and suffered from the reflection effects investigated in this work. How-

ever, microwave field effects within the waveguide are still the dominant source of

error, therefore new interferometry techniques are proposed to overcome this.



Impact Statement

Positronium (Ps) has been used for decades as a probe to test bound-state quan-

tum electrodynamics (QED). This is because is has only leptonic components and

as such is effectively described by QED alone. This work presents the first mea-

surement of an excited state Ps annihilation decay rate, a study of the effects of

frequency dependent power of microwave radiation due to reflection effects, and

a precision measurement of the 2 3S1 → 2 3P2 energy interval of Ps. The first of

these, while not a precision measurement capable of testing QED, sets a benchmark

for future tests and with improvements given here could achieve a higher precision

capable of testing QED corrections. The second aspect of this thesis determines

the significant effects of microwave reflection to precision spectroscopy, causing

frequency dependent power which can cause apparent shifts to measured transition

frequencies. This effect is applicable to precision measurements on any atomic

species with an open microwave system which covers numerous avenues of spec-

troscopy. Lastly a new precision measurement further pushes the ability of Ps to test

QED. If deviations from QED calculations are identified it may indicate physics

beyond the Standard Model, including new particles or new forces. The current

measurement is in agreement with QED predictions, testing 5th order calculations,

and further experiments are discussed to test higher order QED corrections and rival

other matter-based QED tests which are currently limited by quantum chromody-

namic effects. An improvement in precision of three orders of magnitude from the

results presented here would allow new constraints to be put on hypothetical forces

with scalar mediators.
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Chapter 1

Introduction

The work in this thesis is all about the positronium atom (Ps), and how it can be

used to test aspects of fundamental physics. Ps is the bound state of the electron

and positron, and like any other atom Ps is bound together by the Coulomb force,

but it has some important differences to conventional atoms due to its nature as a

particle-antiparticle pair. Some of these differences make it an excellent subject for

study, while others make those studies very hard. This chapter will give an overview

of Ps, its history, and why it remains an interesting and evolving field of study over

seventy years after its discovery.

1.1 History of Positronium
Antimatter as a concept was proposed when the positron (e+, antiparticle of the

electron, e−) was predicted as a consequence of the Dirac equation in 1928 [100].

Experimental confirmation came in 1932 from Anderson who, when looking at cos-

mic rays, discovered a particle with the same mass as an electron but the opposite

charge [29].

It was not long until the existence of Ps was proposed by Mohorovic̆ić in

1934 [202]. At least three other independent predictions were made over the next 12

years [222,233], with one also predicting polyelectrons (atoms, ions and molecules

formed of electrons and positrons) [274]. One of these, Ruark in 1945, coined the

name positronium for this bound state [233].

Ps was experimentally discovered almost twenty years later in 1951 by Deutsch
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who observed the change in time of positron annihilation in a series of different

gasses after emission from a 22Na source [96], see Figure 1.1(a). This change in

decay time was due to the different chemical quenching properties of the gases

used, low quenching in N2 but progressively higher quenching in O2 and NO, re-

spectively. After his discovery Deutsch measured the annihilation rate of the triplet

ground state (ortho-Ps or o-Ps) [97], which matched the calculation of Ore and

Powell [215], see Figure 1.1(b). He also measured the hyperfine splitting (HFS) of

the ground state using microwave spectroscopy, with a result that deviated 4σ from

theory (Figure 1.1(c)) [98]. Despite these measurements experimental progress was

slow because producing the positrons necessary for Ps formation was still an ineffi-

cient process.

The development of the slow positron beam created new interest, with its first

use at University College London (UCL) in 1972 [51], utilising a process known

as moderation whereby the fast β+ radiation from 22Na was cooled by interactions

with MgO coated Au1. This type of beam was used at Brandeis University for

the first detection of excited state Ps by observing Lyman-α radiation from the

fluorescence decay of n = 2 state Ps which was produced directly from positron

implantation in a copper target [52]. This same beam was used for the first fine

structure measurement of Ps, whereby the microwave induced change from the long

lived 2 3S1 state (2S or Ps*) to the short lived 2 3P2 state (2P) was measured as an

increase in the Lyman-α radiation on resonance [196].2

The first optical excitation was performed seven years later in 1982 by Chu

and Mills using an early pulsed positron beam that used a magnetic bottle to con-

fine and release the positrons collected from a 58Co source with a cryogenically

1A moderator is something that turns fast positrons into slow positrons. The positrons from a
particle accelerator or a radioactive source, which are the most common positron sources, usually
have very high energy, > 100 keV. This means that their cross-section for Ps formation and other
processes is very low, thus moderators are needed to lower the energy of the positrons to a level
where Ps formation etc. is more likely. [239]

2The spectroscopic notation used in this work is n 2S+1ℓJ(MJ) in the spherical basis
|nSℓJMJ⟩ [43]. n is the principle quantum number, S is the total spin quantum number, ℓ is the
total orbital angular momentum quantum number, J = S+ℓ is the total angular momentum quantum
number, and MJ is the azimuthal projection of J on the quantisation axis. ℓ= 0 is represented by S,
ℓ= 1 is represented by P, and ℓ= 2 is represented by D.
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(a) (b)

(c)

Figure 1.1: A selection of data from the investigations of Deutsch. (a) The decay of o-Ps in
various gas production media as measured by the decrease in gamma radiation
over time. The first detection of Ps in history. From Reference [96] (b) The
decay rate of o-Ps as a function of gas pressure for O2 and CCl2F2 with an
extrapolation back to zero to measure the o-Ps decay rate. From Reference [97]
(c) Ps annihilation as a function of magnetic field with a fit to extract the zero-
field value of νHFS. From Reference [98]
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cooled single-crystal Cu moderator [72]. The positrons were implanted into a Cu

Ps conversion target. In this experiment a Nd:YAG pumped a tunable dye laser

which drove the 1 3S1 → 2 3S1 transition. Their measurement was in agreement

with the contemporary theory [110,114], but had a significant error, primarily from

a poor frequency reference [72].

Further advances in positron beam technology improved the number of

positrons available. A more efficient positron moderator was developed by Mills

and Gullikson in 1986 with an efficiency of 0.70± 0.02% [197]. Neon gas was

frozen onto the positron source which resulted in a two-fold increase in efficiency

over the next best moderators at the time [259]. This would again be more than

doubled in 1990 using an improved geometrical structure [166]. Another signif-

icant advance was the development of the Surko buffer-gas trap which was fully

realised in 1992 in the apparatus of Reference [205]. Positrons were cooled using

collisions with N2 gas while confined by a magnetic field and trapped in an electri-

cal potential well, then ejected after a fixed accumulation time, collecting up to 107

positrons within 40 s.

Although slow pulsed positron beams were becoming more prevalent, work

was also done using accelerator produced positron beams which typically offer

larger numbers of positrons per pulse but much more limited access. In 1990 Ziock

et al. observed Rydberg Ps atoms for the first time, exciting from n = 13−15 [283]

and in 1993 Hagena and Ley updated the full set of n = 2 (triplet) fine structure

measurements [134, 175]. Both of these studies continued to use metal conversion

targets. Ziock et al. used Cu to make o-Ps, while Hagena and Ley used Mo to make

the 2 3S1 state.

From the mid-2000s Ps research was renewed with multiple advances that are

key to the work presented here3. In 2008 Liszkay et al. developed mesoporous silica

to convert positrons to Ps with low kinetic energies [180]. In 2010 Cassidy et al.

presented a new analysis technique for positron studies called SSPALS that involved

3And others which are not, including the first detection of the Ps molecule Ps2 [66], the first
electrostatic guiding of Rydberg Ps [90], focusing a beam of Rydberg Ps [158], and production of
antihydrogen using Ps [11].
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measuring the annihilation events of multiple positrons at once, rather than one at

a time, dramatically improving count rates [62]. More precision studies of the o-Ps

decay rate (e.g. References [153, 163]) and the 1 3S1 → 2 3S1 transition [108] were

performed, as well as complementary theoretical work (e.g. References [5, 8, 105].

This thesis continues this line of work using the pulsed UCL slow positron beamline

to perform QED tests on Ps, the reason for doing which is presented in the next

Section.

1.2 Motivation
Ps has several challenges in its study, firstly, it is hard to produce due to the requisite

source of antimatter. Secondly, Ps is typically very fast4, even at low energy, due to

the light mass of Ps (mPs = 2me where me is the mass of the electron) and K =
1
2

mv2.

Lastly, it is unstable, eventually decaying into gamma-rays due to the finite chance

of the positron and electron meeting, a process known as self-annihilation. Despite

this, Ps has a key characteristic which makes it attractive to study. Ps is a purely

leptonic system, being made of a lepton particle-antiparticle pair, and as such has

no hadronic composite particles (i.e. a proton). This means that it is described

primarily by quantum electrodynamics (QED) with negligible contributions from

the less well understood quantum chromodynamics (QCD) which are much more

prominent in conventional atoms and anti-atoms due to the quarks in the nucleus5.

Because of this fact Ps proves to be a valuable test-bed of bound-state QED theory,

being the simplest two-particle bound system [161, 162].

Because of the difficulties involved in Ps physics, precision measurements of

Ps require much work to reach an equivalent level of precision compared to hydro-

gen (H) and other QED test species (e.g. References [126, 159, 164, 186, 223]).

For example, the 1 3S1 → 2 3S1 transition in Ps has been measured to a preci-

sion of 2.6 parts per billion (ppb), confirming QED corrections to the 5th order

(O(α5)) [108], though O(α6) has been calculated with O(α7) calculations ongo-

4For the slowest source of Ps the average velocity is ⟨v⟩ ≈ 38 km/s [198].
5At a certain level of loop correction to the QED theory strong and weak force interactions will

manifest but this is not true at the current level of calculation [10, 42, 122].
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ing [10]6. The same measurement in H is at a precision of 4.5×10−15 [186] (that’s

fifteen digits of precision!), where QED calculations are evaluated up to O(α7) with

O(α8) ongoing. Even the equivalent measurement in antihydrogen is at a precision

of 2.2× 10−12 [14]. The precision of measurements in H has been sufficient to

measure fundamental constants [240] and test Lorentz symmetry [186] for decades.

The limiting factor of these measurements to test bound state QED comes from nu-

cleus related effects such as the proton radius (which cannot be calculated to high

precision and must be measured [19]) and not QED calculations [162].

Tests of QED in Ps can be done by measuring atomic energy intervals and

annihilation decay rates and comparing them to QED theory. The QED model

allows comprehensive calculation of Ps properties to high precision because the

system is hydrogenic. It is proposed that any measured deviation from QED pre-

dictions could arise from Ps interacting with particles and forces outside the stan-

dard model [224, 260, 261]. These effects would be much smaller than first order

QED corrections but could provide insight into unconfirmed particle models and

’new physics’. For example, the ratio of the interaction strength of a new force

with the mass of its scalar mediator can be constrained using Ps [132]. The preci-

sion of Ps n = 2 fine structure energy interval measurements requires an improve-

ment of three orders of magnitude to rival matter based experiments in this task,

while the 1 3S1 → 2 3S1 measurements require only one order of magnitude im-

provement [132].

Positronium is the lightest and simplest atomic state, but not the only one to be

described purely by bound-state QED. Muonium, the bound state of an electron and

an antimuon, has been used to study bound state QED, possessing the same advan-

tages as Ps (e.g. References [159, 214]), but it is harder to produce than Ps and has

its lifetime limited by the finite muon lifetime. True-muonium7 can theoretically

exist but is even harder to produce than muonium and as yet has not been observed,

6QED corrections are calculated as a power series of the fine structure constant α , with higher
order terms typically having smaller contributions. See Section 2 for more detail.

7Which has become the term for a muon-antimuon bound state. An -onium atom was originally
named for the bound state of a particle-antiparticle pair. However, this is muddied by the referral of
a bound electron-antimuon as ’muonium’, which has become commonplace.
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although experiments have been proposed for this purpose [36, 39, 154]. Other ex-

otic atoms such as antihydrogen, muonic-hydrogen and muonic-helium do not have

the advantage of being only leptonic systems and are also harder to produce than Ps,

but can still be used to probe fundamental physics (e.g. References [14, 170, 223]).

Other uses of Ps include measurements of fundamental constants, such as a

proposed experiment to measure the Rydberg constant [67] based on a study in

H [89]. Measuring this in a system with no composite particles removes a significant

source of uncertainty [67], potentially contributing to the ongoing proton radius

puzzle8, though matching the precision of current matter based measurements will

require substantial advances.

Being the bound state of a particle-antiparticle pair Ps can be used to test

charge-parity (CP) violation in the lepton sector, which if found may offer a pos-

sible explanation of the matter-antimatter asymmetry problem [234]. The Stan-

dard Model predicts that the creation of matter and antimatter was equal at the big

bang, however the universe is highly matter dominant, hence the matter-antimatter

asymmetry problem [117]. CP violation has been observed in the hadron sector,

famously kaons [71], but remains to be observed in the lepton sector, while the

matter-antimatter asymmetry is true for both types of particle. C violation tests

in Ps can be done by observing atomic transitions which are forbidden by parity

symmetry in zero external magnetic field [74,75,175]. To test CP violation the mo-

mentum and polarisation of annihilation quanta can be investigated [48, 246, 280],

and CPT violation (where T is the time reversal symmetry) has been investigated

this way too [41, 203].

Another possible explanation for the matter-antimatter asymmetry is that an-

timatter behaves differently in a gravitational field, be it by a different magni-

tude or as repulsive ”anti-gravity” [169, 212, 238]. The latter option has been

ruled out by a free-fall measurement of antihydrogen by the ALPHA collabora-

tion at CERN9, with Earth’s acceleration due to gravity on antihydrogen measured

8This puzzle originates from several differing measurements of the proton radius, varying by
about 4% [223]. Although recent results [44, 278] have partially resolved this, there is still debate
surrounding the issue [160].

9Two other collaborations at CERN are trying to measure antimatter gravity using antihydrogen.
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at ḡ = (0.75± 0.21)g (where g is the acceleration due to gravity on conventional

matter) [30], though the magnitude has not yet been precisely determined. Ps based

tests of antimatter gravity using a neutral atom interferometer [45, 165, 213, 235]

are planned at UCL using Rydberg states [67] (utilising methods similar to those

found in References [70, 217, 218, 254]), and by the QUPLAS collaboration using

the metastable 2S state [33].

In this work measurements of both energy levels (the n = 2 triplet fine struc-

ture) and annihilation decay rates (the triplet 2S decay rate) of Ps are performed

as tests of bound state QED and to help characterise a system that is intended for

use in numerous other precision experiments [33, 67]. The next section contains a

detailed review of the current status of energy interval and annihilation decay rate

measurements in Ps.

1.3 The State of Ps QED Tests

1.3.1 Energy Intervals

The energy level structure of Ps is shown in Figure 1.2, with more details in Chap-

ter 2. Table 1.1 shows the most recent precision measurements of Ps energy in-

tervals and the corresponding theoretical calculations, with their respective preci-

sion given in parts-per-million (ppm). Ps energy intervals are evaluated as an ex-

panded power series of the fine structure constant α , see Section 2.2. The 6th order

(O(α6)) QED correction is fully calculated [82, 83, 282] with work on O(α7) on-

going (e.g. [3, 6–9, 38, 105]). Three intervals in particular have been targeted for

high precision measurements: the 1 1S0 → 1 3S1 hyperfine splitting (HFS) interval;

the 1 3S1 → 2 3S1 interval, and the 2 3S1 → 2 3PJ (2S → 2P) fine structure intervals.

The HFS interval, νHFS, was the first energy interval measured by Deutsch

in 1952 using Ps produced in a gas [98]. He measured the Zeeman splitting of

the o-Ps MJ = ±1 → MJ = 0 interval in a magnetic field, which can be used to

calculate νHFS as in H [206]. Multiple iterations of this experiment have been

GBAR [182, 219] and AEGIS [102, 237] both intend to use an interferometry technique and use
Ps as part of the antihydrogen formation process. Muonium has also been proposed to measure
antimatter-gravity using interferometry [31].
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Figure 1.2: The Bohr energy levels of the n = 1, n = 2 and n = 23 states with the field free
non-degenerate sub-states of the former two levels included. Arrows indicate
allowed transitions discussed in this work. The states are labelled with their
dominant decay lifetime, self-annihilation in magenta and fluorescence in or-
ange. Adapted from Reference [24].
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Transition Measured (MHz) ∆meas. (ppm) Theory (MHz) ∆theo. (ppm)

1 1S0 → 1 3S1 203394.2(2.1) 10 [153] 203391.69(41) 2.0 [168]

1 3S1 → 2 3S1 1233607216.4(3.2) 0.0026 [108] 1233607222.18(58) 0.0008 [83]

2 3S1 → 2 3P0 18501.02(66) 36 [131] 18498.25(8) 4.8 [83]

2 3S1 → 2 3P1 13012.42(1.68) 129 [134] 13012.41(8) 6.1 [83]

2 3S1 → 2 3P2 8624.38(1.50) 174 [134] 8626.71(8) 9.3 [83]

2 3S1 → 2 1P1 11180.0(9.0) 600 [175] 11185.37(8) 7.2 [83]

Table 1.1: A comparison of the most precise experimental measurements and theoretical
calculations of Ps energy intervals designed to test QED. The precision ∆ of the
measurements and calculations is given in the adjacent columns in units of parts-
per-million (ppm).

performed over the years [53, 54, 104, 151, 193, 195, 232, 252, 271, 272], but by

1984 the experimental value was 3.9σ from theory [232]. This discrepancy ap-

pears to have been resolved in the latest variation on this methodology by Ishida

et al. [153]. Their experiment compensated for the effect of Ps thermalisation

in the gas medium (which was being used to produce the o-Ps) by taking into

account timing information of the positron annihilation events. They measured

νHFS as a function of time to determine when thermalisation had occurred, tak-

ing their final value of νHFS from late times when the Ps was thermalised. They

obtained a result of νHFS = 203.3942± 0.0021 GHz [153], 1.2σ from theory at

203.39182± 0.00046 GHz (summarised in Reference [10]) and 2.6σ from previ-

ous experimental results 203.38882±0.00067 GHz [193, 232], confirming O(α6)

QED corrections.

Other techniques have been proposed to measure this interval, including (in

order of current precision): a measurement of the quantum oscillation of po-

larised Ps in a magnetic field [236]; a direct mm-wave measurement of the in-

terval [200, 279]; replacing rf radiation with a static periodic magnetic struc-

ture [209]; and an optical technique of using a crossover resonance in a field mixed

1 3S1 → 2 3PJ transition [64]. The best of these measurements is currently at a

precision of 205 ppm [236], two orders of magnitude below the most precise mea-

surement [153].
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The most precisely calculated and measured interval in Ps is the 1 3S1 → 2 3S1

interval at 1233607222.18±0.58 MHz [83] and 1233607216.4±3.2 MHz [108],

respectively10. The latest measurement comes from Fee et al. in 1993 who achieved

a precision of 2.6 ppb using a two-photon Doppler free technique. This precision is

sufficient to test the QED corrections up to the O(α5) contributions (uncalculated

at the time). But this result is now almost two orders of QED corrections behind

theory calculations [108]. The laser system used was continuous wave (CW), unlike

the initial measurement of Chu & Mills which used pulsed lasers [72, 73]. A high

laser intensity is required to drive the transition which is easiest to achieve with a

pulsed laser, but pulsed systems have a large spectral bandwidth, and the larger the

measured line width of the transition the lower the precision. This is why Fee et

al. used a CW laser in a cavity to obtain sufficient intensity, but with a spectral

bandwidth orders of magnitude lower than pulsed systems offer. The primary con-

tribution to the error was the Te2 frequency reference used to calibrate the laser,

being 1.0 ppb of the final precision, but this could be reduced by more than an order

of magnitude using a frequency comb [142]. The current state of Ps calculation puts

the theoretical precision of the 1 3S1 → 2 3S1 interval at 0.8 ppb [83]. As previously

stated Ps has not yet achieved the precision of H QED tests, but new experiments of

the 1 3S1 → 2 3S1 transition are being planned [80, 120, 142].

The first measurement of the n = 2 fine structure was of the 2 3S1 → 2 3P2 in-

terval by Mills et al. in 1975 [196]. The metastable 2S state was made directly

during Ps production from positrons implanted into a Cu target which was in a cir-

cular waveguide cavity. Microwave radiation was applied driving 2 3S1 atoms to the

2 3P2 state and the resulting increase in Lyman-α radiation from the fluorescence of

the 2 3P2 state was observed. Subsequent measurements of all three 2 3S1 → 2 3PJ

intervals where J = 0,1,2, known as the νJ transitions, by Hatamian [140] and Ha-

gena [134] used a similar method with a few variations such as a Mo conversion

target and rectangular waveguides. The 2 3S1 production method in these measure-

ments has several disadvantages. The most significant of these is the low production

10This corresponds to a UV photon of ∼243 nm.
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efficiency, estimated to be < 0.1% [129]. 2S atoms that are produced in this way

have high energies estimated to be 1 eV on average, resulting in Doppler, transit-

time and power broadening [129]. As of 1993 the most precise measurement of ν2

had a precision of 129 ppm and was sufficient to test O(α5) QED calculations but

not the newer O(α6) [134], leaving the νHFS measurement as the best current test

of QED corrections in Ps.

The next measurement of these transitions was by Gurung et al. at UCL using

slower Ps, more efficient production of the 2S state, and a method with higher de-

tection efficiency [131, 132]. The methods of Ps production and excitation are the

same as used in this work and will be discussed in detail in Chapter 3. In these mea-

surements the 2S Ps flew into a waveguide after production (see Figure 1.3(a)). The

waveguides were rectangular, driving electric dipole transitions, similar to those

used in this work (see Section 3.9.2). A different waveguide with appropriate di-

mensions was used for each of the three νJ transitions to provide the most uniform

power across the frequency range of each line shape. In the waveguide the 2S atoms

were driven to the 2P state using microwave radiation and the change in the time of

annihilation was used to generate line shapes that could be fitted with a Lorentzian

function to extract the transition frequency. This was done in multiple magnetic

fields and the transition frequency was extrapolated back to zero-field to compen-

sate for the Zeeman shift and obtain a value to compare with QED.

The value obtained for the ν0 transition was 18501.02±0.61 MHz, 4.5σ away

from the theoretical value of 18498.25±0.08 MHz. The ν1 and ν2 transition mea-

surements were not conclusive because the line shapes were highly asymmetric, this

was inconsistent with theory which suggested asymmetry should only occur at the

∼ 100 kHz level of precision when quantum interference (QI) with the neighbour-

ing J states becomes relevant. Because there was no valid line shape model that

included this asymmetry the transition frequencies could not be reliably extracted

from the data. An example of these line shapes and the ν0 result are shown in

Figure 1.3(c - d) and (b), respectively.

The cause of the observed shift and asymmetries was explored in a theoretical
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(a)

e+

(b)
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(e)

Figure 1.3: (a) The chamber and waveguide setup used in the 2020 UCL fine structure
measurements. (b) The result of the ν0 measurement with historical measure-
ments (points) and the theory (solid black line shows O(α6) and dashed red line
shows O(α5) calculations) for comparison. (c-e) Examples of the measured
line shapes ν0, ν1 and ν2, respectively, with the latter two displaying prominent
asymmetry. The insets show the allowed transitions and decay paths, and the
fits show the Lorentzian and Fano functions (see Section 2.4 for details on line
shape models), the latter of which was used to quantify asymmetry. Adapted
from References [15, 131, 132]

study by Akopyan et al. [15]. This was done by simulating the microwave fields in a

realistic model of the waveguide and surrounding vacuum chamber and putting the

simulated data into a full master equation solver with 28 states including the n = 1

and n = 2 levels. Using this model various systematics were investigated, and one

was identified as the most likely cause of the shift and asymmetry. This effect was

frequency dependent microwave power due to reflections of the microwave radia-

tion. In short, microwaves emitted from the open ends of the waveguide were being

reflected back into the waveguide from the metal ends of the vacuum chamber, see
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Figure 1.3(a). The reflections varied with frequency resulting in an increase or de-

crease in power at different frequencies, depending on the magnitude of the reflec-

tions and their relative phase with the TE10 mode in the waveguide. This frequency

dependent power can shift data points in the line shape up or down compared to the

uniform power case. Figure 1.3(d) & (e) shows an example of this whereby in (e)

the ν2 points on the high frequency side of the line shape are higher than those on the

low frequency side because there is more power at the higher frequencies than the

lower frequencies. The Lorentzian function (which is the expected model for a line

shape with minimal broadening and is symmetric by definition, see Equation 2.21)

and the Fano function (which takes into account asymmetry effects, see Section 2.4

for more information) were fitted to this data and disagree with each other because

of this asymmetry. Because neither of these functions accounts for the reflection

effects the extracted frequencies cannot be used for precision measurements.

Lorentzian and Fano functions fitted to the simulated line shapes reproduced

shifts and asymmetries on the same order of magnitude as those observed in ex-

periment, including shifts without asymmetries. This provides a likely qualitative

explanation for the asymmetry in the ν2 and ν1 transitions, but also introduces a

systematic error on the order of MHz for the ν0 measurement, because there may

be less obvious reflection effects within the data shifting individual data points. The

simulations did not exactly reproduce experimental data and without some means

of measuring the power variation inside the waveguide the previous measurements

cannot be corrected for this effect, requiring new measurements to be made. This

frequency dependent power effect is more significant in the broad MHz wide line

shapes of n = 2 Ps than narrower kHz wide transitions and deserves investigation

to help eliminate it in future precision measurements and characterise it for other

studies using microwave spectroscopy. A part of this work focuses on examining

these effects and removing reflections for a new precision measurement of ν2.

In addition to the three n = 2 fine structure intervals already mentioned there

exists the option of driving the 2 3S1 → 2 1P1 transition which is forbidden by charge

(C) conjugation symmetry and the electric dipole transition rules. This transition is
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possible to drive in a magnetic field due to Zeeman mixing with the 2 3P1 state,

despite electric dipole transition rules forbidding ∆S ̸= 0. Two measurements have

been made of this transition, though both suffer from poor statistics due to inefficient

production of 2S atoms and the small dipole transition strength in the low magnetic

fields used [74, 175]. As well as the energy interval measurement this experiment

can place limits on the presence of C violation in Ps to explore CP violation in lep-

tons in relation to the matter-antimatter asymmetry problem [75]. Efforts are also

being made to measure the n = 2 hyperfine interval (2 3S1 → 2 1S0) at ∼ 25.4 GHz

as a means to corroborate the n = 1 HFS measurements which have had historical

uncertainty, as discussed above. The initial method proposed was a high Q-factor

microwave resonator designed to provide the power required for the M2 magnetic

dipole transition [141]. However, this would cause the states to be highly Stark

shifted and Stark mixed (reducing the lifetime of the triplet 2S state) by the strong

electric field component of the microwave radiation [94]. As a consequence, al-

ternative methods are being considered such as magnetic field interferometry (as

demonstrated in H [50]), static periodic magnetic fields [209], or a two photon pro-

cess of 2 3S1 → 2 1P1 → 2 1S0 which does require a magnetic field as mentioned

above.

Other optical transitions have been observed in Ps including 1 3S1 → 3 3PJ ,

3 3PJ → 2 2S1 [12] and 2 3PJ → n3S/DJ where n = 8−30 [266] which could be used

to perform precision tests given detailed experimental consideration similar to the

Fee measurement [108]11. And through the n = 3 and Rydberg states the n = 3 fine

structure and inter-Rydberg mm-wave transitions can be targeted, respectively.

1.3.2 Annihilation Decay Rates

The annihilation decay rates of Ps have been calculated to a lower order of QED

than the energy levels at O(α3), but experimental precision is still not yet able to
11The Ps negative ion, Ps−, has also been produced and measured spectroscopically, including

its photodetachment threshold [191] and a shape resonance [190] with a predicted infinite number
of Feshbach resonances still to be observed [152]. However Ps− is very short lived at just 0.479±
0.001 ns [69] and has no excited states [152], limiting the opportunities for precision spectroscopy.
Another Ps species available for spectroscopy is the dipositronium molecule, Ps2, which has four
excited states [61, 66]. Excitation of Ps2 has been achieved but not precise enough to perform an
energy interval QED test [63].
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State Experiment (MHz) Theory (MHz)

1 1S0 7990.9(1.7) [213 ppm] [16] 7989.618(18) [2 ppm] [10]

1 3S1 7.0401(7) [99 ppm] [163] 7.039979(19) [3 ppm] [10]

Table 1.2: A comparison of experimental and theoretical precision of the measured self-
annihilation decay rates of Ps.

rival theory. A comparison of the measured and calculated Ps decay rates is shown

in Table 1.2.12

The first measurement of a Ps decay rate was by Deutsch who measured the

o-Ps decay rate, Γo−Ps, and obtained 6.8±0.7 MHz by producing o-Ps inside a gas

and measuring the decay rate as a function of pressure and extrapolating back to

zero gas pressure [97]. As with the Ps HFS measurements described above, subse-

quent Γo−Ps measurements using similar techniques deviated from theory by > 4σ ,

e.g. References [119, 125, 273], which was dubbed the ’ortho-Ps lifetime puzzle’.

This was eventually resolved after the identification of incomplete thermalisation of

the o-Ps in the production gas [35], similar to the νHFS measurements. The most

precise determination of Γo−Ps to date is 7.0401 ± 0.0007 MHz [163], which is

the combination of several results up to 2009 [34,35,255] and is in good agreement

with the theoretical value of 7.039988(10) MHz [5]. This is sufficient to verify

theory to O(α2), leaving room for improvement.

The only other annihilation decay rate to be measured is that of p-Ps state,

Γp−Ps. The first experiment measured the natural line width of the νHFS transition

which is determined by the short p-Ps lifetime. However, this type of measurement

requires accurate knowledge and minimisation of all other broadening mechanisms

(i.e. Doppler and power broadening) and had an error of 1.4% [253] (see Section 2.4

for an explanation of line shape broadening mechanisms). The most recent result

by Al-Ramadhan was sufficient to verify the α2ln(α) term of the Γp−Ps calculation

at a precision of 215 ppm and a result of 7990.9 ± 1.7 MHz [16]. This result was

12Ps− has had three measurements of its decay rate: the first by Mills in 1983 [194], another by
Fleischer et al. in 2006 [112], and most recently by Ceeh et al. in 2011 [69]. The latest measurement
has a value of 2.0875± 0.0050 GHz which was measured by counting the decrease in Ps− ions
as a function of distance from the diamond-like carbon production target [69]. The theory is fully
calculated to O(α2) with a value of 2.087963(12) GHz [227], in agreement with experiment.
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obtained by measuring Γ′
o−Ps in varying magnetic fields, in higher magnetic fields

more Γp−Ps is mixed with Γo−Ps and knowing the zero-field value of Γo−Ps a value

of Γp−Ps can be extracted.

To date only ground state decay rates have been measured13 leaving the theory

untested for excited states. Excited state self-annihilation is suppressed due to the

n3 scaling of the annihilation decay rate. This means that states will only have a

significant annihilation rate (i.e. a state where the self-annihilation decay rate is

dominant over the fluorescence decay rate) if there is no available lower energy

state to fluoresce to14. The only two states that fulfil this criteria are the 2 3S1

and 2 1S0 states which have calculated annihilation lifetimes of 1136 ns and 1.1 ns,

respectively (from equations contained in Reference [10]). Probing a singlet state

is inherently difficult due to their short lifetimes, therefore, the 2 3S1 state has been

targeted in order to test the excited state QED annihilation decay rate calculations

and characterise it for other precision tests such as energy interval QED [244] and

antimatter gravity [33] investigations.

1.4 Contents of this Work
In this work several tests of QED in Ps are performed and new systematic effects

presented and explored. Chapter 1 presents the context of this research; Chapter 2

contains the relevant theory behind the measurements; Chapter 3 details the method-

ology used to perform the measurements (including the positron beamline, lasers,

detection and analysis methods, the latter of which is further expanded upon on in

Appendix A); and Chapter 4 outlines the simulation tools used to understand phys-

ical processes. Chapter 5 presents the first measurement of the annihilation decay

rate of 2 3S1 Ps as a step toward precision studies of excited state decay rates. Chap-

ter 6 recounts the use of free-space microwave radiation to drive the 2 3S1 → 2 3P2

transition in order to investigate frequency dependent power from reflection effects

which was ascribed to be the cause of previously identified shifts and asymmetries.

13Excited state fluorescence lifetimes have been measured but not to a high precision [85, 91].
Fluorescence lifetimes depend on the energy separation of the states involved [113] so a precision
measurement would be an indirect test of energy intervals.

14Although Rydberg states may still self-annihilate, ℓ-state mixing reduces this by more than n3.
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Chapter 7 contains the current highest precision measurement of the 2 3S1 →2 3P2

having minimised the reflection effects investigated in Chapter 6. Lastly, Chapter 8

presents the conclusions and outlook of this work.



Chapter 2

Theoretical Background

The atomic structure of Ps is hydrogenic, being a pair of Coulomb bound particles

of equal but opposite charge. The Bohr energy levels of Ps are scaled with those of

hydrogen (H) by the ratio of their reduced masses, which is almost exactly a half
µPs

µH
≈ 0.5003 [43]. A diagram of the energy levels relevant to this work is shown

in Figure 1.2, with Bohr energy levels calculated as [113]

En =
−α2µPsc2

2n2 =
−α2mec2

4n2 =
−6.8 eV

n2 , (2.1)

where µPs = me+me−/(me+ +me−) is the reduced mass of Ps, c is the speed of light

and n is the principal quantum number. Bohr energy levels are an approximation

and do not include fine/hyperfine structure, at which level the similarities between

Ps and H break down, see Section 2.2 for more details and a summary in Refer-

ence [10].

The most well studied state of Ps is its ground state which is found in two

forms. Ortho-Ps (o-Ps) is a triplet |S = 1,MJ⟩ atom, and para-Ps (p-Ps) is a singlet

|S = 0,MJ⟩ atom, where S is the total spin quantum number of the atom and MJ

is the azimuthal projection of the total angular momentum quantum number on the

axis of quantisation. There are three o-Ps states where the spins of the two particles

(which can be either spin up ↑ or spin down ↓) are arranged

|1,1⟩= | ↑↑⟩, (2.2a)
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|1,0⟩= 1√
2
(| ↑↓⟩+ | ↓↑⟩), (2.2b)

or

|1,−1⟩= | ↓↓⟩, (2.2c)

and one p-Ps state arranged as

|0,0⟩= 1√
2
(| ↑↓⟩− | ↓↑⟩). (2.3)

Radiative decay (fluorescence) in Ps works in the same way as conventional

atoms whereby a ground state conventional atom, or even an anti-atom, is stable

(barring outside influences) because there is no lower energy level for the singlet

state to decay to, and electric dipole selection rules limit transitions from the triplet

to singlet state [43]1. The selection rules for electric dipole transitions govern all

fluorescence decays in Ps and are written as:

∆S = 0, (2.4a)

∆ℓ=±1, (2.4b)

∆J = 0,±1, (2.4c)

∆MJ = 0,±1. (2.4d)

Where ℓ is the total orbital angular momentum quantum number, and J = S+ ℓ is

the total angular momentum quantum number.

Unlike conventional atoms however, the ground state of Ps is not stable due to

its nature as a bound particle/anti-particle pair. This means o-Ps will self-annihilate

with a mean lifetime of τann.
o−Ps = 142 ns, and p-Ps with an even shorter mean life-

time of τann.
p−Ps = 125 ps. The next section contains a detailed explanation of self-

annihilation, and a summary of the Ps ground state can be found in Table 2.1.

The total fluorescence decay rate of a state, Γflo.(nℓ), is calculated by sum-

1Magnetic dipole transitions are also possible (e.g. Reference [143]), but are much weaker than
electric dipole transitions and can be ignored in this work.
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State Spin State τannihilation(ns) Primary Decay Path

o-Ps 1 Triplet 142 [215] 3γ

p-Ps 0 Singlet 0.125 [101] 2γ

Table 2.1: A comparison of the properties of p-Ps and o-Ps including their spin states, an-
nihilation lifetimes and decay paths (i.e. the number of gamma-ray photons each
state decays into). The annihilation lifetimes and decay paths are discussed fur-
ther in Section 2.1.

ming over the decay rates of every possible decay path An′ℓ′,nℓ (i.e. the Einstein A

coefficients) [91, 116],

Γflo.(nℓ) = ∑
n′ℓ′

An′ℓ′,nℓ, (2.5a)

An′ℓ′,nℓ =
2e2ω3

n′ℓ′,nℓ

3ε0hc3
ℓmax

2l +1
⟨n′ℓ′|r|nℓ⟩2. (2.5b)

where ωn′ℓ′,nℓ= 2πνn′ℓ′,nℓ is the angular frequency of the transition, ε0 is the permit-

tivity of free space, h is the Planck constant, ℓmax is the maximum angular quantum

number of the two involved states, e is the charge of the electron (and positron),

and the population of excited state atoms falls as N = N0e−Γflo.t , where N is the

number of atoms at time t from an initial population N0. The fluorescence lifetime

τflo. = 1/Γflo. increases with n4 (for low values of ℓ [91]). This means higher en-

ergy states will survive longer before decaying to the ground state, see Table 2.2 for

lifetimes of the states relevant in this work.

Equations 2.4 also govern laser excitation from one state to another, mak-

ing certain single photon excitation pathways forbidden, such as a single photon

1 3S1 → 2 3S1 transition. During excitation the value of ∆MJ is controlled by the po-

larisation of the radiation relative to the quantisation axis, defined by the direction

of the applied electric and magnetic field, which in these experiments are colinear

in the z-axis. When the radiation is polarised parallel to the field (i.e. the electric

field of the radiation is the z direction) ∆MJ = 0 transitions are driven, while if it is

perpendicular (i.e. the electric field of the radiation is in the x or y direction) then

∆MJ =±1 transitions are driven [24].
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State τannihilation (ns) τfluorescence (ns)

11S0 0.125 [101] –

13S1 142 [215] 1016 [267]

21S0 1.0 [10] 243100000 [241]

23P0 100000 [17] 3.19 [43]

23P1 ∼ ∞ [17] 3.19 [43]

21P1 3330000 [18] 3.19 [43]

23P2 384000 [17] 3.19 [43]

23S1 1136 [10] ∼243100000 [241]

33PJ 10.5 [12]

233S1 ∼ 1730000 [10] ∼ 50000 [91]

Table 2.2: The calculated radiative and annihilation lifetimes in zero field for all n = 1 and
n = 2 states plus the 3 3PJ and n = 23 state. (Adapted from Reference [24]).

2.1 Annihilation Rates
Self-annihilation of Ps occurs because the electron and positron wavefunctions ψ

have a finite probability of overlapping and annihilating, converting the Ps atom

to low energy gamma-rays. Self-annihilation is more likely in some atomic states

than others (see Table 2.2 for examples). The probability P of annihilation depends

on the electron and positron wavefunction overlap, i.e. they can only annihilate

when they occupy the same space. This only happens at ψ(0) in the S-states (i.e.

ℓ= 0), due to the their hydrogenic nature [113], where P ∝ |ψ(0)|2. Therefore, for

states with ℓ > 0 the annihilation decay rate is negligible because the fluorescence

decay rate dominates (often by orders of magnitude). The wavefunction overlap,

and therefore annihilation decay rate, decreases with principle quantum number

scaling as n−3 [101] meaning any S-state with n ≥ 3 is unlikely to self-annihilate.

Instead, it will radiatively decay to the ground state.

The process of self-annihilation must be charge conjugation invariant because

as a particle-antiparticle pair Ps is an eigenstate of the charge conjugation operator.

Photons are their own antiparticle too and are subject to the same rule. This means

the charge parity (C-parity) of the Ps (which depends on S and ℓ) must be the same

as the C-parity of the resultant photons (which depends on the number of photons
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produced, N). The selection rule of this process can be written as [189, 277, 281]

(−1)(S+ℓ) = (−1)N , (2.6)

where the left-hand side is the C eigenstate of the Ps and the right hand side is

the C eigenstate of the resultant photons. Because only states of ℓ = 0 decay by

annihilation, singlet/triplet states will decay into an even/odd number of photons

respectively. Decays involving fewer photons are more dominant because processes

involving lower numbers of particles/interactions are more likely [5, 101]. This

means that two-gamma decay for singlet states and three-gamma decay for triplet

states are the primary decay channels.2

First order calculations show the singlet annihilation rate is faster than the

triplet annihilation rate by more than a factor of α [101, 215]3,

Γann.(
1S0) =

α5mec2

2h̄n3 ≈ 8.0325 GHz
n3 , (2.7a)

and

Γann.(
3S1) =

4
9π

(π2 −9)
α6mec2

2h̄n3 ≈ 7.2112 MHz
n3 , (2.7b)

where h̄ is the reduced Planck constant. 2γ singlet annihilation produces gamma-

rays of equal energy mec2, 180◦ apart in order to conserve energy and momentum.

However, the triplet state can decay into many more 3γ combinations while still

conserving the momentum and energy of the Ps. The angular distribution θ of

the three gamma-rays with respect to the quantisation axis is dependent on the az-

imuthal quantum number MJ by the relations [103]

PMJ=0 ∼ (π2 −9)sin2(θ)+
1
6
[3cos2(θ)−1], (2.8a)

2Annihilation of free atoms involving one/zero photon decay is suppressed as a third body is
necessary to absorb the momentum [67], which can happen in Ps+ and Ps−.

3Several people calculated the first order Ps decay rates and came to different answers [155,177,
215]. In 1951 Deutsch proved Ore and Powell correct [97] and their first order calculation is the one
presented here.
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and

PMJ=±1 ∼ (π2 −9)[cos2(θ)+1]+
1
6
[3cos2(θ)−1]. (2.8b)

QED corrections to the triplet state decay rate have been calculated as a power

series of α up to the ln2(α) term of O(α3). This work has been performed by many

people starting in 1968 (e.g. References [5,68,144,167,249]) and can be described

by the equation [5]:

Γann.(
3S1) =Γ0(

3S1)[1+A
α

π
+

α2

3
lnα +B

(
α

π

)2
−

3α3

2π
ln2

α +C
α3

π
lnα +D

(
α

π

)3
+ ...],

(2.9)

where the coefficients A =−10.286614809... and C =−5.517027491... were cal-

culated to arbitrary precision in 2008 by Kneihl et al. [167], B = 45.06±0.26 was

calculated by Adkins et al. in 2000 [4, 5], and D is yet to to be calculated (see

Reference [10] for a comprehensive summary of this work). For the 2 3S1 state

annihilation rate measured in this work Equations 2.7b & 2.9 give an annihilation

rate of Γcalc
2S = 880.0± 1.2 kHz where the error is from the uncertainty in B and a

factor of half the O(α3) logarithmic terms to account for the uncalculated value of

D. Table 2.3 shows successive orders of correction and the last column shows the

experimental precision required to confirm each order of correction.

Correction Order Decay Rate (kHz) Correction Magnitude (kHz)

901.400 NA

α1 879.863 21.563

α2 880.004 0.140

α3 (Incomplete) 880.003 0.001

Table 2.3: The annihilation decay rate of the 2 3S1 state of Ps calculated to varying orders
of QED correction according by the results and formulas summarised in Refer-
ence [10]. The last column shows the experimental precision required to confirm
each order of correction.
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2.2 QED Energy Corrections

According to the Bohr model (Equation 2.1) all the fine and hyperfine structure

states of n = 2 are degenerate. This is of course not the case. In zero-field there

are six non-degenerate n = 2 states, and the calculations in this section pertain to

the field free energies of these states. The degeneracy of the fine and hyperfine

states is lifted by QED corrections to the energy levels which are expressed as a

power series of α . The first corrections are O(α4) which include annihilation, spin-

spin, spin-orbit and relativistic effects and were initially given by Pirenne [222] and

Berestestski [40], but later corrected by Ferrell [109, 110] to,

∆E(4) =
meα4c2

n3

[
11
64n

− 1
2(2ℓ+1)

+
7

12
δℓ=0δS=1 +

δℓ̸=0δS=1

4ℓ(ℓ+1)(2ℓ+1)
C(0)

Jℓ

]
,

(2.10)

where,

C(0)
Jℓ =


−(ℓ+1)(3ℓ−1)

2J+1
, ℓ= J+1

−1, ℓ= J
ℓ(3ℓ+4)

2J+1
, ℓ= J−1

 , (2.11)

and δi= j is a Kronecker delta function. These equations are included as an exam-

ple of how complex the corrections can be, subsequent orders of correction are not

written here in full as they get even more complex, but are summarised in Refer-

ence [10].

The O(α5) terms were calculated for n = 2 by Fulton & Martin [114,115] (the

general solution coming later [221]) and include contributions from vacuum polar-

isation, recoil effects and virtual annihilation. The O(α6) terms took over 25 years

to be fully calculated with the results for ℓ = 0,1 being given in Reference [83].

O(α7) terms including recoil effects, lamb shifts, ultrasoft contributions, one pho-

ton annihilation and vacuum polarisation have begun but are as yet incomplete (e.g.

References [3, 8, 105, 216]). The O(α7) contributions are estimated to have an un-

certainty of 0.08 MHz, which is derived from the expected value of the numerically

largest term in the O(α7) corrections, O(α7 ln(α)2) [10].
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Correction Order Energy Interval (MHz) Required Precision (MHz)

α4 [110] 8394.45 NA

α5 [221] 8625.25 230.8

α6 [83] 8626.71 1.46

Table 2.4: The energy interval of the ν2 transition of Ps calculated to varying degrees of
QED correction according to the results and formulas of Reference [83].

For the two states of interest in this work we can use the expressions [83],

E(2 3S1) =
mec2

8

(
−α2

2
+

65
384

α
4 +AS5α

5 +AS6α
6 +AS7α

7 + ...

)
, (2.12)

and

E(2 3P2) =
mec2

8

(
−α2

2
− 43

1920
α

4 +AP5α
5 +AP6α

6 +AP7α
7 + ...

)
, (2.13)

where AS5 & AS6, AP5 & AP6 have been calculated, and AS7 & AP7 remain mostly

uncalculated. The results of these two equations give the current theoretical ν2 tran-

sition interval of E(2 3S1)−E(2 3P2) = νcalc
2 = 8626.71 ± 0.08 MHz. A breakdown

of the QED contributions to νcalc
2 are given in Table 2.4 and show that current mea-

surements are on the cusp of confirming the O(α6) calculation with the best histor-

ical experiment having an error of 1.5 MHz [134], on the same order as the O(α6)

contribution. Experiment is far from confirming the O(α7) contribution which, al-

though still being calculated, is expected to improve the precision of theory by an

order of magnitude.

2.3 Ps in Electric and Magnetic Fields

The application of electric and magnetic fields provides control of atomic proper-

ties, which can be useful in experiments. In an electric field, F⃗ , and a magnetic

field, B⃗, the Hamiltonian, Ĥ, becomes [67]

Ĥ = Ĥ0 + ĤZ + ĤS

= Ĥ0 − µ⃗magB⃗− eF⃗ .⃗r,
(2.14)
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where Ĥ0 is the field free Hamiltonian (including QED corrections), ĤZ is the Zee-

man Hamiltonian, ĤS is the Stark Hamiltonian, µ⃗mag = µ⃗e− + µ⃗e+ is the total mag-

netic moment of the atom and r⃗ is the relative position of the positron and elec-

tron. The eigenfunction of this Hamiltonian, ĤΨ = EΨ, can be solved to obtain the

eigenvalues E corresponding to the Stark and Zeeman shifted state energies.

In this work the eigenfunction is solved in the spherical basis |nSℓJMJ⟩ [43]

which describes the n = 2 state as a 16× 16 matrix, one row and column for each

of the 16 sub-states present. Only the n = 2 state is solved for as the adjacent

states do not significantly mix with n = 2 within the fields found in this work.

The eigenvectors and values are computed from the Hamiltonian using the Python

function numpy.linalg.eig(Ĥ) which solves the eigenfunction using numerical meth-

ods [248].

In a field an atom in state |A⟩ may mix with another state, |B⟩, creating a

statistical admixture of the two states, |A′⟩. Not all states can mix together and

those that do will do so with different strengths. |A′⟩ will share characteristics of

both constituent states, dependent on the relative fraction of |A⟩ and |B⟩ in |A′⟩.

The stronger the field the larger the fraction of |B⟩ in |A′⟩ will become. And the

larger the fraction of |B⟩ in |A′⟩ the more similar the properties of |A′⟩ will be to

|B⟩. The fraction of |B⟩ character present within |A′⟩ can be extracted from the

eigenvectors of the solved eigenfunction Ψ where Ψ2
A,B corresponds to the fraction

of |B⟩ character present in |A′⟩. This interaction is not limited to two states, any

number of states may mix together if the situation allows, in which case the property

∑ j Ψ2
A, j = 1 for a system with j total states must be true.

Whether or not two states mix together in a field can be determined from the

expanded Hamiltonian. When a magnetic field is applied in the z direction alone

(i.e. B⃗ = (0,0,Bz)) the Hamiltonian is given by [20],

ĤZ = (ge−µBŝze−
−ge+µBŝze+

)Bz (2.15)

where µB is the Bohr magneton, ge− (ge+) is the spin-g factor of the electron (≡

positron), and ŝze−
(ŝze+

) is the projection operator of the electron (positron) spin in
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the quantisation axis, z. This can be given in matrix form for n = 2 as [95],

⟨nℓ′S′J′M′
J|ĤZ|nℓSJMJ⟩=µBB

√
3(2J′+1)(2J+1)

×δℓ′,ℓδM′
J ,MJ

(−1)ℓ+MJ [(−1)S+S′ −1]

×

 J′ 1 J

−M′
J 0 MJ

S′ ℓ′ J′

J 1 S

 ,

(2.16)

where the matrix in curved brackets is the Wigner-3j symbol and the matrix in curly

brackets is the Wigner-6j symbol which represent the rules for addition of angular

momentum4. The orbital angular momentum component of the magnetic moment

of Ps is zero because of the equal masses of the electron and positron, resulting in

the Zeeman mixing being independent of ℓ [81]. Therefore the non-diagonal terms

in the Zeeman Hamiltonian5 couple states of ∆S =±1 and ∆ℓ= 0.

The Hamiltonian in an electric field (ignoring spin-spin, spin-orbit, Darwin and

relativistic correction contributions) can be given as [25]

Ĥ =
h̄2

2µPs
∇

2 − e2

4πε0r
+ eF⃗r⃗, (2.17)

where for a field along the axis of quantisation, i.e. F⃗ = (0,0,F), the last term

becomes eFz. For the case where the field is along the quantisation axis the Stark

Hamiltonian can be written in matrix form as [95],

⟨nℓ′S′J′M′
J|ĤS|nℓSJMJ⟩=eF⟨n′ℓ′|r|nℓ⟩

√
max(ℓ′, ℓ)(2J′+1)(2J+1)

×δS′,S(−1)S+ℓ+M′
J

×

 J′ 1 J

−M′
J 0 MJ

S′ ℓ′ J′

1 J ℓ

 ,

(2.18)

and be solved analytically with no F⃗ × B⃗ effects. For the Stark Hamiltonian the

Wigner symbols govern the selection rules as follows: the top row of the Wigner-3j

4These symbols are equivalent to the Clebsch-Gordon coefficients. A Wigner-9j symbol is also
available.

5Note Ĥ0 is diagonal in this basis.
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symbol fulfills the triangle rule |J′−J| ≤ 1≤ J′+J, the bottom row −M′
J+0+MJ =

∆MJ = 0, and the Wigner-6j symbols enforce the rules S′= S and ∆ℓ= |ℓ−ℓ′|=±1.

The Kronecker deltas perform a similar function, preventing states of unequal MJ

and S mixing together.

As stated magnetic fields mix states of equal ℓ & equal MJ , but ∆S =±1. This

mixes singlet and triplet states together, a technique which was used to measure

the νHFS interval [99] and Γp−Ps [16]. Within the n = 2 manifold Zeeman mixing

shortens the lifetime of the 2 3S1 state (denoted as 2 3S′
1 when in a field) which gains

2 1S0 state character. This is shown in Figure 2.1 which demonstrates the reduction

in the 2 3S′
1 mixed-state annihilation lifetime due to the increasing contribution from

the 1.1 ns lifetime of the singlet state. Because the 2 2S+1PJ state has the same

dominant lifetime component for both the triplet and singlet states the 2 3P′
J lifetime

does not change with magnetic field but does have an increased chance of decaying

to the p-Ps state, which has such a short lifetime that any state decaying by this path

is lost from the population, a process known as magnetic quenching [136].

The total decay rate of a mixed state |A′⟩ (such as that in Figure 2.1) can be
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Figure 2.1: The calculated lifetime of the 2 3S′
1 state within a magnetic field (solid blue

line). The dashed line is the zero-field 2 3S1 lifetime.
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Figure 2.2: The calculated lifetime of the 2 3S′
1 state within an electric field (solid blue

line). The dashed line is the zero-field 2 3S1 lifetime and the dot-dashed line is
the zero-field 2 3PJ lifetime.

calculated in an electric and magnetic field (Fz,Bz) according to the relation [24],

Γ
total
A (Fz,Bz) = ∑

j
[Ψ2

A, j(Fz,Bz)Γ
flo.
j +Ψ

2
A, j(Fz,Bz)Γ

ann.
j ], (2.19)

where Γflo.
j is the field free fluorescence rate of state j, Γann.

j is the field free annihi-

lation rate of state j, and j is all the states mixing with |A⟩. For the n = 2 manifold

there are a total of sixteen sub-states to be summed over, the lifetimes for which are

given in Table 2.2.

An electric field induces mixing of different ℓ-states, mathematically repre-

sented by the non-diagonal terms in the Stark Hamiltonian which couple states of

∆ℓ=±1, but of equal S and equal MJ . An example of this can be seen in Figure 2.2

where for 2 3S′
1 atoms there is a strong dependence of τtotal on the electric field.

This is because the short lived 2 3PJ fluorescence lifetime begins to dominate the

long lived 2 3S1 annihilation lifetime, reducing the 2 3S′
1 state τtotal. Stark mixing

will cause the rapid annihilation of the 2 3S′
1 state through fluorescence to the o-Ps

state and subsequent self-annihilation, a process that is utilised in this work. [24]

As well as changing decay rates, application of fields also changes the energy
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Figure 2.3: The calculated Zeeman shifts of the 2 3S1 →2 3P2 transition (solid blue) where
the transparency represents I 2. The labels give the value of I 2 and the corre-
sponding Mi

J → M f
J quantum numbers of the relevant transitions. The weighted

average Zeeman shifts for the unpolarised (dotted red) and ∆MJ = 0 (dashed
green) cases are also shown, calculated as described in the text.

levels of the states. Consider the interval of interest to this work, ν2. The 2 3S1

state has three MJ sub-states (MJ = 0,±1), and the 2 3P2 level has five MJ sub-states

(MJ = −2 to 2), which offer a total of nine allowed transitions in the ν2 interval.

Applying a field will remove the field free degeneracy of these transitions. In a

magnetic field some states, i.e. 2 3S1(±1) and 2 3P2(±2), are not shifted at all

because the Zeeman Hamiltonian does not allow these states to mix with any of the

other available states, while others are shifted towards each other, causing a negative

Zeeman shift. This results in large variation in the magnitude of the Zeeman shifts

of the ν2 transitions, which are shown in Figure 2.3. The Zeeman shift is calculated

as the difference of the energy between each allowed pair of states as a function of

magnetic field, ∆νZeeman(Bz) = E2SMJ
(Bz)−E2PM′

J
(Bz).

The direction of polarisation of the microwave radiation with respect to the

magnetic field will change the ∆MJ selection rules and different subsets of the

available transitions will be driven. The Zeeman splitting of the transitions driven

in this work in any particular field was at most 3 MHz. This small difference

was not resolvable in experiment due to significant broadening mechanisms, as
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described in the next section, hence the Zeeman shift is evaluated as its aver-

age value ∆ν
avg
Zeeman(Bz). ∆ν

avg
Zeeman(Bz) is calculated by averaging ∆νZeeman(Bz) for

each allowed transition as dictated by the microwave polarisation. The average is

weighted by the square of the spectral intensity of each transition w(2S,MJ),(2P,M′
J)
=

S2
(2S,MJ),(2P,M′

J)
as calculated by the general equation [43],

S(n,ℓ,S,J,MJ),(n′,ℓ′,S′,J′,M′
J)
=(−1)J−MJ

√
(2J+1)(2J′+1)

×

 J 1 J′

−MJ ∆MJ M′
J

 ℓ J S′

J′ ℓ′ 1

⟨n′ℓ′|er|nℓ⟩.

(2.20)

Because the ν2 transitions all have the same radial integral ⟨n′ℓ′|er|nℓ⟩, the weights

become the angular component only, w = I 2 = S2/⟨n′ℓ′|er|nℓ⟩2. These weighted

averages are shown in Figure 2.3 as a dotted line for the unpolarised case (i.e. all

transitions allowed) and a dashed line for the parallel polarised case (∆MJ = 0),

which are the cases present in this work. To quantify the Zeeman shifts a quadratic

function is fitted to the calculated Zeeman curves from Figure 2.3. The function

has the form ∆νZeeman = acalcB2
z where acalc is a constant. This fit returns val-
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Figure 2.4: The calculated Stark shifts of the 2 3S1 →2 3P2 transition (solid blue) where the
transparency represents the weights I 2. The labels give the Mi

J →M f
J quantum

numbers of the relevant transitions. The weighted averages for the unpolarised
(dotted red) and ∆MJ = 0 (dashed green) cases are also shown.
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ues of acalc = −1.6× 10−3 MHz/G2, acalc = −1.1× 10−3 MHz/G2, and acalc =

−0.8×10−3 MHz/G2 for the ∆MJ = 0, unpolarised, and ∆MJ =±1 cases, respec-

tively. This allows the transition frequency at any magnetic field to be calculated as

νcalc
2 (Bz) = νcalc

2 +acalcB2
z .

Figure 2.4 shows the Stark shift of the ν2 interval for a range of fields present

in experiment, including the weighted average for the parallel polarisation and un-

polarised cases calculated as described above. The Stark shifts present in this work

are not large enough to require detailed description, with measures being taken to

reduce electric fields as much as possible, as described in the relevant sections. As

a result of this, experimental Stark shifts are over two orders of magnitude less than

experimental Zeeman shifts.

2.4 Spectral Line Shapes
When an atom is excited/de-excited from one state to another by a photon, the mea-

sured change in population as a function of the frequency of the driving radiation

will not be a simple Dirac delta function at the resonance frequency, νR. Multiple

factors, some inherent in the atom and others environment and method dependent,

will give this line a full width at half maximum (FWHM) of Γ. This width can be

used to understand the dynamics of the system, but is also a limiting factor of preci-

sion measurements, whereby it is harder to perform a precision measurement of an

energy interval with a broader line shape due to loss of definition at the resonance.

The most fundamental broadening is the natural line width. This is due to

the Heisenberg uncertainty principle ∆E∆t ≥ h̄/2, whereby the rate of decay from

either of the states involved in the transition causes an energy uncertainty up to the

limit of the uncertainty principle. The energy spread of the transition can be derived

from the Fourier transform of the exponential decay function and the line shape is

described by a Lorentz function [94],

L(ν) =
2A/πΓ

1+4[(ν −νR)/Γ]2
, (2.21)

where A is an arbitrary scaling constant, and ν is the applied radiation frequency.
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The natural line width is a homogeneous effect, i.e. something which effects the

probability of excitation/decay equally for all atoms in a population, and homoge-

neous broadening effects are described by Lorentz functions [94].

For the n = 2 fine structure of Ps the natural line width is determined by the

combined decay rate of the two levels involved, the τ2S = 1136 ns and τ2P = 3.19 ns

mean annihilation and fluorescence lifetimes, respectively. These combine to give

the natural line width as [94]

Γnatural =
1

2π

√
1

τ2
2S

+
1

τ2
2P
, (2.22)

where the factor of 1/2π converts from angular frequency to frequency. This can

change in a field due to Stark or Zeeman mixing altering the state lifetimes, but

within this work the fields are negligible and the 2P lifetime is highly dominant6

and therefore the 2P lifetime remains the dominant component to the natural line

width for an expected width of Γ
ν2
natural = 50 MHz.

Power broadening is the next most important homogeneous broadening mech-

anism in this work. For increasing power of the interrogating radiation (and there-

fore increasing intensity) the probability of excitation at νR nears saturation (i.e. the

transfer between states is at its maximum), but the probability of exciting an atom

far from νR continues to increase at a faster rate, broadening the line shape. This is

inherent in the equation for the Rabi frequency which governs the rate of change in

the probability density of a two-level system [94],

ΩR = E0
I |⟨n2ℓ2|µ|n1ℓ1⟩|

h̄
, (2.23)

where µ = er is the dipole operator, E0 is the intensity of the radiation, and the

probability of excitation is |c2|2 ∝ sin2(ΩRt/2) [94]. However, the ν2 transition

6Zeeman mixing with the 2 1S0 state will reduce the lifetime of the 2S’ state, but if the magnetic
field was large enough that the Zeeman mixed 2S’ lifetime was the dominant broadening mechanism
then the magnetic field would quench the 2S population before any microwave excitation could take
place (and singlet and triplet 2P atoms posses the same decay rate resulting in no change from
Zeeman mixing). Electric fields within the experiment were small, on the order of a few V/cm, and
as this only mixes the two states already involved in the transition no change in line width will occur.
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is not a true two-level system due to the rapid radiative decay of the 2P state

to the ground state. This loss creates a ’flat-top’ line shape effect at sufficient

power (I ≈ 140 W/m), whereby the line shape no longer conforms to a Lorentzian

model [15]. The power broadening of the ν2 transition line width in the low-power

regime was calculated to be ∆νpower = 6.6 MHz/mW [15] for the waveguide setup

used in reference [132]. The result was obtained by propagating a realistic Ps dis-

tribution through simulated microwave fields and calculating the time dependent

density matrix with a master equation solver to generate line shapes that were fitted

with a Lorentzian model to extract the width as a function of microwave inten-

sity [15].

The line width due to power broadening scales with power according to [132],

Γ = Γ0

√
1+bPinput, (2.24)

where b is a constant, Pinput is the power of the applied radiation, and Γ0 gives the ef-

fective ’zero-power’ line width at the y-axis intercept (i.e. the width of the transition

due to all broadening mechanisms except power broadening). bPinput is the satura-

tion parameter, which defines saturation as occurring above the limit bPinput > 1,

where Psat. > 1/b. Higher radiation intensity also increases the signal amplitude

(denoted Sγ which is explained in Section 3.6) according to the relation [113]

Sγ = A
[

1− 1
1+bPinput

]
, (2.25)

where bPinput is the same saturation parameter as above, and A is the maximum

achievable signal which depends on experimental details such as detection effi-

ciency, interaction time of the atoms with the radiation etc. If amplitude and power

saturation data is obtained and fitted with these functions for the same experimen-

tal conditions then the parameter b should be the same in both fits, but may vary

due to other experimental effects such as the selection of new populations when the

radiation intensity is increased.

The last homogeneous broadening mechanism considered here is transit-time
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broadening which is calculated by the equation ΓTTB ≈ v/d, where v is the velocity

of the atom and d is the width of the atom-radiation interaction region [94]. When

the atoms in question have a broad velocity distribution this type of broadening can

be more akin to an inhomogeneous broadening mechanism, which is where varia-

tion in the atoms themselves (e.g. velocity or collisions) results in each individual

atom having a different resonant transition frequency [94]. Inhomogeneous broad-

ening is approximated here as a Gaussian distribution (because the velocity distri-

bution is Gaussian) and the relative amount of inhomogeneous and homogeneous

broadening dictates the line shape model used to fit data, Lorentzian for homoge-

neous and Gaussian for inhomogeneous. The Gaussian function is given by [94],

G(ν) = Ae
−(ν −νR)

2

2σ2 , (2.26)

where σ is the standard deviation which sets the width of the Gaussian.

The primary inhomogeneous broadening effect in this work is Doppler broad-

ening. An atom travelling at a velocity vx in the axis of the applied radiation has a

Doppler shift of,

ν
′ = ν

1

1+
vx

c

, (2.27)

where λ = c/ν is the wavelength of the transition. If the vx distribution of the Ps

population is symmetric then the transition is broadened, but if the vx distribution is

asymmetric there will be a Doppler shift due to the average velocity ⟨vx⟩ being non-

zero. While this effect is small for the fine structure transitions it is the dominant

broadening of the n = 1 → 2 transition as discussed in Section 3.7.

The different broadening components combine as a convolution, so if both

homogeneous and inhomogeneous mechanisms are present then a Voigt function

V (ν) = L(ν)⊗G(ν) can be used which is effectively an inhomogeneous distribu-

tion of Lorentzian line shapes [94]. As an example of the ν2 measurements pre-

sented in this work a sample of data from Chapter 7 (a total of 88 line shapes taken

in the +x propagation direction, without microwave absorbing foam, obtained using
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methods described in Chapter 3.9 and Appendix A) was fitted with a pseudo-Voigt

function of the form Vp(ν) = mL(ν) + (1−m)G(ν), where m is the fraction of

Lorentzian character in the Voigt function. The resulting fits have a dominant av-

erage fraction of 97.6± 0.1% Lorentzian, and the fitted centroid value is in good

agreement with a Lorentzian fit for all line shapes. This is expected as the natural

line width and power broadening are the dominant broadening mechanisms in this

work. A Lorentzian and Gaussian fitted to the data sample had an average reduced

chi square parameter χ2
reduced of 0.90 for the Lorentzian and 1.29 for the Gaussian,

while the psuedo-Voigt was 0.88, confirming a Lorentzian is the closest fit to the

data7. Because of this the ν2 line shapes in this work are fitted with a Lorentzian

function to extract information on νR and Γ.8

Another property of line shapes to be considered is asymmetry. Neighbour-

ing states can influence each other due to a range of effects, broadly known as

quantum interference (QI) [150]. These effects can cause a skew in the line shape

towards the adjacent state, though in some cases do not [185]. The Ps ν2 transition

is susceptible to QI from the other 2P states, causing a skew to higher frequencies

due to the off-resonant excitation pathways they present. As a rule of thumb [150]

a measurement of ν2 will be sensitive to QI effects if the measurement error is

less than ∆ν ≈ Γ2/2∆ = 608 kHz for transitions of the same line width Γ, where

∆ = 4385.7 MHz is the separation of the 2 3P2 and 2 3P1 state. Fits of Lorentzian

functions to the line shapes measured in this work typically produce an error in νR

of > 1 MHz, and shifts from QI were calculated to be on the order of 30 kHz in

similar experiments [15], so we will not be sensitive to this effect here.

In previous works [15, 132] the Fano function was used to quantify asymme-

try [107],

F(ν) = A
[

(qF + ε)2

(1+q2
F)(1+ ε2)

]
, (2.28)

7χ2
reduced = χ2/ξ , where ξ = N −D− 1 in which N is the number of data points and D is the

number of degrees of freedom.
8The line shapes will in fact be the sum of two or more Lorentzians due to the Zeeman splitting

of the ν2 transitions. As already stated the small splittings present in this experiment are too small
to resolve, see Section 2.3. In addition, no dependence of Γ or qL on Bz is observed, indicating the
Zeeman splitting has no effect on the line shape, see Chapter 7 for details. [132]
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where ε = (ν −νR)/Γ and qF is the asymmetry parameter whereby qF →±∞ indi-

cates a symmetric line shape, low qF indicates an asymmetric line shape, and qF = 0

is a symmetric anti-resonance condition. Neither this work or previous studies were

sensitive to QI effects as already discussed, with any asymmetry originating from

frequency dependent power [15]. This means that although the Fano function is a

valid line shape for QI effects it is not a valid line shape model to extract νR in this

work, though it can still be used to quantify how asymmetric a measured line shape

is.

However, the Fano function is overly sensitive to the initial fitting parameters

of the least squares fitting routine used in this work due to the way its asymmetry

parameter is defined. To avoid this problem, asymmetry in this work is quantified by

replacing the fixed width Γ of the Lorentzian with a sigmoidally varying equivalent

ΓA(ν) [247],

ΓA(ν) =
2Γ

1+ exp[qL(ν −νR)]
, (2.29)

where qL is the asymmetry parameter for which qL = 0 returns a fully symmetric

Lorentzian, but qL → ±∞ indicates increasing skew in the appropriate direction.

The Lorentzian and asymmetric Lorentzian function are not susceptible to the ini-

tial parameter sensitivity of the Fano function, with the asymmetric Lorentzian fit-

ted to the same data sample as described above having an average χ2
reduced = 0.87.

Once again, the asymmetric Lorentzian is an arbitrary function chosen to quantify

asymmetry, and can therefore not be used to extract meaningful values of νR from

measured line shapes.

2.5 Rydberg Positronium
States that have a high principle quantum number are known as Rydberg states.

The ℓ-states of Rydberg Ps become highly mixed with each other in any experi-

mentally realistic level of electric or magnetic field [188]. This gives Rydberg Ps

extremely long annihilation lifetimes because each mixed state possesses minimal

S-state character (which is the only ℓ-states with a significant annihilation decay

rate). Their eventual annihilation manifests from fluorescence to the ground state
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Figure 2.5: (a) The calculated coulomb potential of a field-free Ps atom with labeled en-
ergy levels (black), and the calculated distorted Coulomb potential in a field of
850 V/cm (red), with the saddle point antiparallel to the field. (b) The energies
and radial charge distribution of the two extreme k-states of n = 20, k = ±19
(with m= 0) in a field of 850 V/cm. The dot-dashed line is the zero field energy
of n = 20. From reference [25].

which self-annihilates at the rate of Γo−Ps.

The Schrodinger equation cannot be analytically solved for Rydberg Ps states

using the spherical basis that describes low n states. This is due to perturbations

to the coulomb potential of the atom. In zero-field the Coulomb potential is spa-

tially symmetric, however, in an electric field the potential becomes asymmetric,

as described by the third term in Equation 2.17. The electric field causes a three

dimensional saddle point in the Coulomb potential in the opposite direction to the

field. A 2-D representation of the distorted Coulomb potential of a Ps atom in an

electric field Fz = 870 V/cm with the relative energies of the n-states is shown in

Figure 2.5(a). The Coulomb potential along the perpendicular axes, x and y, main-

tains the 1/x and 1/y dependence as long as no field is applied in these axes. [25]

The Schrodinger equation in this system is analytically solvable in the

parabolic basis which uses the quantum numbers |n,n1,n2,m⟩, where n = n1 +

n2 + |m|+ 1 and m is the projection of ℓ on the axis of quantisation, similar to J

and MJ in the spherical basis [116]. This basis provides a quantum number which

can uniquely identify each state within an electric field, defined as k = n1 − n2. k
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has a range of −(n− |m| − 1) to +(n− |m| − 1) in intervals of 2 and each k-state

(also known as a Stark state) describes states that are non-degenerate in an electric

field. The Stark shifts of k-states can be calculated to third order using the analytical

equation [87, 149]

EStark =
3
2

nkeaPsF

− 1
16

n4(17n2 −3k2 −9m2 +19)
e2a2

Ps
Eh

F2

+
3
32

n7k(23n2 − k2 +11m2 +39)
e3a3

Ps

E2
h

F3.

(2.30)

Where F is the applied electric field, aPs = 2a0 is the Bohr radius of the Ps atom

(a0 is the Bohr radius of hydrogen) and the Hartree energy is Eh = 2hcRPs, in which

RPs = R/2 is the Rydberg constant of Ps and R is the Rydberg constant of hydrogen.

Calculations of the energy levels using Equation 2.30 can be seen in Figure 2.6 for

the Stark manifold of several n-states relevant to this work. The separation in energy

of the Stark states increases with electric field. This produces two possible effects

when undergoing laser excitation from the n = 2 state. At lower electric fields this

results in a broadening of the line shape, an effect known as Stark broadening. How-

ever, at higher fields, if the Stark states are shifted beyond the effective experimental

line width (i.e. all other broadening mechanisms such as Doppler, laser bandwidth,

transit time etc.) then it is possible to uniquely excite individual Stark states [266].

The upper and lower k-state energy levels of two adjacent n-states, n and n+ 1,

begin to overlap in a maximum electric field of [116]

Foverlap =
1.285×109

3n5 , (2.31)

where the numerical constant is to convert the electric field from atomic units to

V/cm, e/4πε0a2
Ps = 1.285× 109 V/cm. In experiment this will occur at a lower

electric field due to the non-zero effective experimental line width.

Electric dipole selection rules still apply to the n = 2 3PJ → n 3S/DJ transi-

tion used to produce Rydberg states. Because each Stark state contains character
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of all possible ℓ-states mixed together the transition strength to each Stark state is

determined by the fraction of the S and D states present within the Stark state in

question. To calculate the transition strength from a 2 3PJ state to a Stark state the

dipole transition strengths are first calculated to all possible ℓ′-states in the spher-

ical basis (from Equation 2.20). These are are summed and transformed into the

parabolic basis by a transformation coefficient [116, 145],

S(n,ℓ,S,J,MJ),(n′,n′1,n
′
2,m

′,k′) =∑
ℓ′
(−1)ℓ

′+(1−n′+m′+k′)/2√2ℓ′+1

×S(n,ℓ,S,J,MJ),(n′,ℓ′,S′,J′,M′
J)

×

 (n′−1)/2 (n′−1)/2 ℓ′

(m′+ k′)/2 (m′− k′)/2 −m′

 ,

(2.32)

where the matrix is the Wigner-3j symbol.

For Ps spectroscopy, Rydberg states have several advantages. Firstly, their long

lifetimes allow complex operations such as atom interferometry to be performed

(see Reference [217] as an example with Rydberg He atoms). Secondly, they posses

a large electric dipole moment, meaning their motion can be controlled with the

application of static or dynamic electric field gradients [276]9. Thirdly, their longer

lifetimes reduce their contribution to the natural line width to the kHz level, making

precision measurements easier if all other broadening mechanisms are eliminated.

Another advantage of Rydberg Ps is that the phenomena of field ionisation

(FI) can be used to control when the positron in each Ps atom annihilates. Upon

application of sufficient electric field Rydberg atoms are ionised and the positron is

free to annihilate on a surface. This is because of the asymmetry in the perturbed

Coulomb potential of the atom in an electric field. When the energy of the atom is

on the order of the energy of the saddle point the excited states can ionise directly,

or they can tunnel through the coulomb barrier. A threshold electric field at which

FI will occur for each n-state can be calculated based on the location of the saddle

point: Fion. = (2hcRPs)/(16eaPsn4) [116].

9Ps Rydberg states have been guided [90] and focused [158] using electric fields, and with further
work likely decelerated and trapped like conventional atoms [263].
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Parabolic quantum numbers can be used to describe this process in more de-

tail. States with k > 0 (known as low field seeking states, LFS, due to their dipole

moment polarity) have dipoles anti-parallel to the field according to the equation,

µelec =−nkeaPs3/2, (2.33)

(from the first order Stark shift of Equation 2.30). This causes the electron to be

localised next to the continuous potential, see Figure 2.5(b), making the rate at

which they ionise slow. States of k < 0 (known as high field seeking states, HFS)

have parallel dipoles and the are localised toward the side with the saddle point,

increasing the rate at which they ionise. [25]

There is a semi-empirical formula for the tunnel ionisation rate of Rydberg Ps

Stark states which is given by [86, 87],

Γn,n1,n2,m =
Eh,Ps

h̄
(4RPs)

2n2+m+1

n3n2!(n2 +m)!

exp[−2
3

C−1/4n3 eaPsF
Eh,Ps

(32n2
2 +34n2m+46n2+

7m2 +23m+
53
3
)],

(2.34)

where

C =
1

ea0,Ps
√

2hcEh,Ps

(−2En,n1,n2,m)
3/2

Fz
, (2.35)

En,n1,n2,m =−(hcEh,Ps/2n2)+EStark and Eh,ps = 2hcRPs. This formula was devised

for hydrogen but is scaled here for Ps. Unlike the classical calculation Equation 2.34

accounts for higher order terms in Equation 2.30 which become relevant at higher

fields in which the k > 0 states shift closer to the saddle point and tunneling becomes

more likely. In Figure 2.6 the plotted energies are terminated for ionisation rates

>1 GHz which is effectively instantaneous within the experiment. All FI thresholds

in this work will be given as the field required to FI the state in question at a rate of

1 GHz.
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Figure 2.6: The calculated energy splitting of the n = 22 (red), n = 23 (blue) and n =
24 (green) Ps atoms relative to the n = 23 zero-field energy, calculated using
Equation 2.30. The lines terminate where the ionisation rate exceeds 1 GHz as
calculated using Equation 2.34. The grey shaded area represents the maximum
100 GHz bandwidth of the 2-step laser excitation used in this work, centered
around the n = 23, k = 0 transition.



Chapter 3

Experimental Methods

This section describes the experimental basis of this work including pulsed positron

beams, mesoporous silica e+ → Ps converters, gamma-ray detectors, the single shot

positron annihilation lifetime spectroscopy (SSPALS) measurement technique, and

the laser setup as developed in previous studies. The production and characterisa-

tion of n = 2 and Rydberg Ps states will also be detailed, as well as the application

of electric, magnetic and microwave fields.

3.1 Positron Beamline
The source of positrons is the β+-decay of radioactive 22Na, a typical source used

in the production of positrons due to its >90% branching ratio for β+ radiation and

∼ 2.6 year half-life. However, due to this short half-life the activity of the 22Na

source used in this work decreased from 1340 to 660 MBq during the course of this

research. 22Na emits β+ with a broad energy range up to 545 keV, with a mean of

∼215 keV [204]. A schematic of the source stage of the beamline can be seen in

Figure 3.1.

Before the positrons can be trapped to produce a pulsed beam they must be

cooled. This is done by a process known as moderation, which slows and narrows

the energy distribution of the β+ particles. Once moderated a Surko buffer gas trap

is used to capture and pulse the positrons, see Figure 3.2.

After the trap the positron pulses are temporally compressed using a buncher,

see Figure 3.3. The positrons are guided to the target chamber where they are con-
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Figure 3.1: A schematic diagram of the source stage of the beamline. Positrons start at
the source (red block) on the left and travel right, through the Ne moderator
frozen to the coldhead (blue layer). The source is surrounded by lead shielding
(green) to terminate unmoderated β+ particles and gamma-rays. Moderated
positrons (red line) are guided by solenoids and magnetic coils, with a pair
of saddle coils guiding the beam through an off axis hole in a CuW block to
terminate unmoderated on-axis β+ particles. Various pumps keep the chamber
at ∼ 1× 10−9 mbar to limit positron scattering. Pumping restrictions in each
solenoid prevent trap gasses contaminating the moderator.

verted into Ps and excited using lasers, a description of the target chambers used in

this work can be found in the appropriate chapters. A more detailed description of

the entire beamline can be found in Reference [79] and the various stages will be

discussed here.
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Figure 3.2: A schematic diagram of the trap stage of the beamline. Positrons come from
the source on the left and travel right, through the trap. The pressure in the trap
can be on the order of 10−3 mbar, however, the rest of the beamline is kept at
pressures of < 1×10−7 using differential pumping with pumping restrictions.
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Figure 3.3: A schematic diagram of the buncher stage of the beamline. Positrons come
from the trap on the left and are temporally compressed by the buncher.
Positrons exit on the right into the various target chambers used in this work.
Pumps keep the chamber at ∼ 1×10−9 mbar. Sections of the beamline can be
isolated using manual and pneumatic values.

3.1.1 Moderation

The function of the moderator is to reduce the energy of the β+ particles emitted

from the source so that they can efficiently interact with the buffer gases in the

trap. Currently, the most efficient known moderator is solid Ne [197] which, in a

cylindrical configuration, has been recorded as having an efficiency (the percentage

of β+ which are successfully slowed by the moderator) of up to 0.70 ± 0.02%,

providing an energy spread of 0.58 eV FWHM [197]. The β+ enter the bulk Ne

and lose energy by inelastic collisions where they generate electron-hole pairs or

excitons (the electron-hole bound state) [128]. When the energy of the positrons

inside the Ne drops below the energy threshold required to excite the electronic

transitions (20 eV for solid Ne [197]), then it can only lose energy by generating

acoustic-phonons [128]. At this stage the diffusion rate of the positrons in the Ne

is high because the maximum phonon energy is small [128], and the positrons can

encounter the surface of the moderator. If the positron has not thermalised it will

be emitted from the bulk because the positron work function for Ne is small (on the
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order of 1 eV) [197, 256].

This work uses a conical configuration, see Figure 3.1, which can provide up

to double the efficiency of a cylindrical configuration by increasing the likelihood

of escaping the aperture [166]. However, the moderator efficiency of this beam

was measured to be ∼ 0.7%, likely due to incomplete cooling, positron capture in

defects etc. [79]. The moderator is grown by passing a jet of 99.999% pure Ne gas

over an oxygen-free Cu conical aperture which is separated from the source by a

Ti window. This results in a background pressure of 1× 10−3 mbar in the source

chamber. The Ne freezes to the surface of the aperture which is cooled by a closed-

cycle helium cryostat to 7.5 K during moderator growth. The Ne solidifies on the

surface of the aperture and the gas jet is stopped once the number of moderated

positrons begins to plateau. This is monitored by counting the annihilation events

recorded by a NaI gamma-ray detector (see Section 3.2 for details on gamma-ray

detectors). [79]

The background pressure of the system will depend on the source temperature

and evaporation rate of the moderator, the latter of which is also dependent on con-

tamination in the Ne which can occur due to leaks in the gas line used to supply

Ne to the aperture. The moderator is kept at a constant temperature of 7 K using

a heater, approximately 1 K above the base temperature of the cold head, where

fluctuations in the cryostat operation can cause variation of ∼0.5 K. This temper-

ature improves the efficiency of the moderator, either due to temporary annealing

of the structure [127, 199, 220] or removal of contaminants, though it slightly in-

creases the rate of evaporation. To limit contaminants the Ne line is pumped down

to < 1× 10−5 mbar between moderator growths to remove contaminant gas and

several pumping restrictions between the source and the trap prevent trap gasses

reaching the cold head. The resultant source chamber pressure is < 6×10−9 mbar

when no moderator is present.

Due to evaporation of the Ne over time the moderator needed to be regrown

every 2 - 5 weeks. This gradual deterioration and the low temperature required to

produce these moderators (which necessitates a complex cooling setup) highlights
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the disadvantages of solid Ne over other moderators (e.g. a room temperature tung-

sten mesh which has an efficiency of 0.1% [275]), but their efficiency makes up for

this. The number of positrons entering the trap varied between three to six million

per second due to the moderator decay, calculated using the solid angle coverage

and count rate of the NaI gamma-ray detector.

The source holder, the part of the 4 K cold head containing the source and

the moderator, is electrically isolated from the rest of the cold head by a sapphire

disk, retaining good thermal conductivity while allowing the source holder to be

biased, see Figure 3.1. The source holder is biased to VS = +47 V to eject the

moderated positrons away from the source to facilitate transport along the beam

line. The positrons are confined and guided along the beamline using axial magnetic

fields on the order of 100 G, with the charged particles following the magnetic

field lines away from the source. To remove unmoderated β+, the positrons are

steered through an off-axis slit in a tungsten-copper alloy block using a saddle coil

configuration. Unmoderated β+ posses too much kinetic energy to be deflected by

the magnetic field and annihilate on the block. [79]

3.1.2 Positron Trapping

Moderated positrons are guided into a Surko buffer gas trap (BGT) [250]. This

Penning-type trap uses a uniform axial magnetic field of ∼500G to trap particles

radially, and an electric potential to trap them axially, allowing molecular gasses to

cool the positrons through inelastic collisions. Figure 3.4 shows the potentials and

pressures throughout the trap, with the inset at the top showing a schematic of the

electrodes. The positrons are incident from the left hand side and leave from the

right hand side. Note the peak gas pressure in the trap is considerably larger than

the rest of the beamline; this is maintained by differential pumping.

The incident positrons have an energy of ∼ 47 eV upon entering the trap, as

set by VS. The first electrode of the trap, the inlet electrode, was set to 38 V to

prevent cooled positrons leaving the trap while allowing moderated positrons from

the source to enter. Stage 1 of the trap has a bias of 30 V and a pressure of ∼

10−3 mbar. The buffer gas is a mixture of N2 and SF6. Initial capture in Stage 1
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Figure 3.4: The axial electric potential (red line) and buffer gas pressure (blue shading)
along the length of the trap with a schematic representation of the chamber
inset at the top. Positrons are incident from the left and exit on the right. The
magnetic field along the entire length is ∼500G. Adapted from Reference [79].

is through electronic excitation of the N2 where ∼ 9 eV is lost per collision [205],

meaning just two collisions are required for the positrons to fall into the first stage

of the trap. Once the kinetic energy of the positrons is insufficient to excite this

transition, lower energy vibrational transitions (76 and 188 meV [124]) in the SF6

promote rapid cooling in Stage 2 [124, 210]. This stage has a lower pressure to

limit annihilation (∼ 10−4 mbar) and a lower potential (27 V) to confine the cooled

positrons.

Finally, the positrons fall into Stage 2a at 19 V, in which a rotating wall elec-

trode is present (see next section). The trap accumulates positrons in this stage

for 1 s, releasing about 105 positrons per pulse at a repetition rate of 1 Hz. The

pulses are released by lowering the potential on the gate electrode at the end of the

trap from 62 V to 0 V in ∼ 80 ns. All these voltages, as well as the buffer gas

pressure and ratio, are optimised for maximum trap output signal (as measured by
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Figure 3.5: A schematic diagram showing the timing of events relative to the positron ar-
rival time at the target, t0. The trap is first, simultaneous with the start of data
acquisition to ensure all events are recorded. The buncher is next with ET
switched off shortly after positron implantation and just before the laser pulse.
Quenching by electric field or microwaves happens some time after this with
the quenching means kept on for the duration of the Ps lifetime to ensure proper
quenching. Not to scale.

a permanent LYSO gamma-ray detector after the trap, but before the buncher, see

Section 3.2 for details on detection), balancing the number of collisions required to

drop into each stage with annihilation losses. Ps formation with the buffer gas is the

primary positron loss mechanism in the trap, though pick-off annihilation with the

gas and the walls is also present.

The timing of all events is controlled by a set of digital pulse generators (Stan-

ford Research Systems DG 645). These generators have < 25 ps root-mean-square

(rms) jitter, which is several orders of magnitude better that required in this experi-

ment, ensuring all timing signals were consistent for each shot of the positron beam.

All trigger timings are defined relative the trap gate electrode being lowered, which

releases the positrons. Subsequent events such as the buncher, laser, HV switches

and microwaves are triggered by TTL pulses relative to the trap gate. A schematic

representation of the order of events is shown in Figure 3.5.

3.1.3 Beam Compression

Positrons stored in the trap gradually diffuse outward due to collisions with the

buffer gasses, eventually annihilating on the walls of the trap, limiting the accu-

mulation of trapped positrons. To minimise this effect and compress the beam a
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rotating wall (RW) is placed inside the trap around the positron cloud [123], which

causes inward transport away from the walls meaning annihilation in the trap is

from interactions with the buffer gas only [60]. The RW consists of a ring electrode

divided longitudinally into eight equal segments, each covering an angle of π/4 ra-

dians. The segments are divided into N = 4 pairs, where the pairs are formed of

adjacent electrodes covering a continuous π/2 radians. A time varying sinusoidal

voltage VRW(t) =VRW sin(ωRWt+Nφ) is applied to the electrodes, with each pair of

electrodes (i.e. N and N +1) differing by a phase of φ = π/2 to produce a rotating

dipole field around the longitudinal trapping axis, z. The frequency and amplitude

of the RW potential are optimised to minimise the positron spot size and maximise

the number of positrons, where an optimal configuration is typically VRW = 1 Vpp

and ωRW = 4.6 MHz [79]. Compression is achieved because ωRW is close to the

axial bounce frequency of the positrons in the trap and acts to compress the positron

cloud while in the non-plasma, single-particle regime [123].

The positron beam profile was optimised using an on-axis MCP and phosphor

screen mounted at the end of the positron beam, just after the Ps production and

spectroscopy region. Figure 3.6 shows an image of the positron beam taken using

the on axis MCP with the front plate biased to -250 V to accelerate the positrons into

the detector, and a gain of 1200 V between the front and back plates. A phosphor

screen behind the back plate, which had a 950 V potential difference, was used to

image the beam in conjunction with a triggered CCD Pixelfly camera. The data was

fitted with a 2-D Gaussian function to extract the width. The example in Figure 3.6

has a FWHM of rbeam = 1.90±0.01 mm, though a width of 3 mm is more typical.

The magnetic guiding field at the Ps production region, Bz, controls the ulti-

mate positron beam spot size with the proportionality rbeam ∝
√

Bz. To measure Bz

a bench-top analogue of the electromagnetic coils around the chamber was made

for each setup used in this work, taking into account coil separation, orientation

and height. Bz was measured using a hall probe as a function of position (z and

r =
√

x2 + y2) and coil current (I). With linear extrapolation to account for the varia-

tion in I a 2-D field map could be produced and used to determine the magnetic field
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Figure 3.6: An image of the positron beam taken with a MCP/phosphor screen/CCD cam-
era setup. The white lines pass through the centre of the spot and the plots at the
top and right hand side show the 1-D slice along these lines, with normalised
intensity. The radial FWHM of the beam is rbeam = 1.90± 0.01 mm and the
temporal width is 3 ns.

at any location within the chamber and any I. The bench-top measurements were

validated with in-situ measurements at select positions within the vacuum cham-

ber. The physical restrictions of the setup prevented obtaining a full magnetic field

measurement set in-situ.

After the trap a buncher was used to compress the positron pulse in time. This

is accomplished by applying a parabolic electric potential VB(d) along the positron

path (high at the start, lower at the end) that is switched on once the entire positron

pulse has entered the buncher [20]. The potential is of the form VB(d) = kd2/2,

where k is the harmonic number and d is the distance to the positronium conversion

target. This potential compresses the positrons because the slowest positrons enter
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last and are spatially separated from the faster positrons, experiencing a larger elec-

tric potential and more acceleration. This causes them to catch up to the positrons

at the front, all arriving at the end simultaneously as it is a simple harmonic poten-

tial [192].

The buncher is made up of thirty-nine ring electrodes with a resistor between

each ring for a total measured resistance of 67 Ω, see Figure 3.7(a). VB is ap-

plied between the first ring and the thirty-ninth ring, which is grounded. A linearly

increasing inter-electrode resistance creates a spatially stepped parabolic potential

across the rings. Figure 3.7(b) shows the measured ∼30 ns rise time of the buncher

for V max
B = 350 V, which was applied using a Behlke HTS-03-GSM switch and was

measured using a fast ×100 attenuating probe between the switch output and the

electrode. The positrons only experience the initial rise of the pulse, being accel-

erated out of the buncher before the pulse begins to decay. A final electrode is

separate from the parabolic set and is biased to VO =+30 V to block slow positrons

that leave the trap after the buncher is pulsed. This is because the buncher pulse

cuts off the slowest positrons to achieve the best temporal resolution [192].

The temporal width of the positron beam is optimised by tuning the trigger

time of the buncher pulse (thereby changing where the positrons are in the electric

potential) to give the minimum positron pulse width. To measure the temporal

width the time varying voltage of the on-axis phosphor screen was picked off using

a high-pass filter to strip out the large DC bias and displayed on a fast oscilloscope.

The MCP is typically separated from the conversion target by ∼ 0.5 - 2 m, but

optimising the positron signal at the MCP has been confirmed to optimise the Ps

signal due to the buncher having a large spatial focus. An example of the signal

measured by the on axis MCP is shown in Figure 3.7(c) and has a typical FWHM

of 3 - 4 ns.

Once compression was optimised the positron beam was aligned to the conver-

sion target by steering the beam with several movable electromagnetic coils in the

buncher and target regions of the beamline. A 2 mm hole in the electrode beneath

the conversion target is used to align the beam to the correct location and the target
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Figure 3.7: (a) A schematic of the buncher electrodes and potentials. VB is the buncher
voltage and VO is the outlet electrode voltage, the latter of which is shown as
a function of distance from the Ps conversion target d. Positrons are incident
from the left with > 10 ns width and exit the buncher with < 4 ns width. (b) The
profile of VB(t) for V max

B = 350 V. (c) The temporal profile of the positron beam
as measured by the on axis MCP for the buncher pulse in (b) with a temporal
width of 4.1 ns as indicated by the shaded red band.

lowered into the beam using an xyzθ manipulator stage.

3.2 Gamma-ray Detection
Time-resolved gamma-ray spectroscopy is used to quantify Ps production, laser

excitation and quenching. This requires a gamma-ray detector sensitive to the an-

nihilation radiation of the positron, and capable of providing time-resolved data

on experimental timescales. The detectors used are made of a scintillator crys-

tal, an acrylic light guide and a photo-multiplier tube (PMT), see Figure 3.8 for a

schematic.
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Figure 3.8: Annihilation gamma-ray radiation (blue arrow) incident on the scintillator (blue
block) is turned into lower energy photons (red arrows) which are guided to
the PMT by an acrylic light guide (purple block). This causes a cascade of
electrons (curved black arrows) in the PMT (orange block), the output of which
is recorded onto an oscilloscope.

When a gamma-ray strikes a scintillator crystal it emits many lower-energy

optical photons. The total gamma-ray detection efficiency of the scintillator is de-

pendent on the stopping power (how efficiently gamma-rays interact with the crys-

tal), and light output of the scintillator (how many photons are emitted per incident

gamma-ray). The efficiency is also strongly dependent on the solid angle coverage

of the detector. The solid angle will depend on the scintillator surface area and

distance from the annihilation events. Detector placement was either optimised for

maximum signal-to-noise ratio (SNR) (see Chapters 6 & 7), or for uniform solid

angle coverage (see Chapter 5), as described in the relevant chapters.

The primary scintillation crystal used in this work is lutetium yttrium oxy-

orthosilicate (LYSO) and all experimental data presented uses LYSO scintillators,

except where mentioned. LYSO has a decay time of 40 ns (i.e. the time it takes for a

gamma ray induced light pulse to decay to 1/e of its peak value) [76] and provides

good signal-to-noise ratio for studies of long lived atoms from low-intensity pulsed

positron beams due to its high light output [21]. The LYSOs in this work were made

of arrays of 2× 2×25 mm LYSO crystals in order to keep the photons confined to

increase the chance of them entering the light guide and PMT. The crystals were

arranged in 5×5 cm squares or 7.5 cm diameter circles.

Two other types of scintillator were used. A PbWO4 (PWO) scintillator to

monitor o-Ps production, and a NaI scintillator to monitor moderated positron count

rates. PWO has a higher gamma ray stopping power than LYSO but a much lower
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light output, making it less suited to spectroscopy [21]. However, it has a shorter

decay time of 12 ns [62], making it ideal to observe the short lived ground state.

The NaI is not suitable for spectroscopy because of its > 100 ns decay time, but a

high stopping power makes it ideal for recording continuous count rates.

An acrylic light guide transports photons produced in the scintillator to the

PMT. This is to keep the PMT outside regions of high magnetic field, which can

affect a PMTs operation by changing the electron trajectories between dynodes.

The PMT turns a single photon into an electron using a photocathode, and a series

of sequentially charged dynodes multiplies the number of electrons. The resultant

cascade of electrons produces a time-dependent voltage V (t), which is proportional

to the number of incident gamma-rays and is recorded using an oscilloscope. The

PMT reduces the temporal resolution of the system by another few ns due to the

response time of the dynodes. Each PMT is biased with a high voltage to amplify

the signal, the higher the bias the higher the gain.

3.3 Data Acquisition & Analysis

The oscilloscopes used to record the detector signals were a 12-bit Lecroy

HDO4104 and an 8-bit Agilent InfiniVision DSO6104A, both with a 1 GHz band-

width, and a temporal resolution of dt = 2 ns on all channels. The scopes were

triggered to record a 4µs time window at the repetition rate of the beam starting at

the same time the trap gate was lowered. This ensured that all possible Ps events

were measured, and typically involved ∼1 µs of delay between triggering and

positron arrival at the conversion target (i.e. t0).

The entire beam is controlled remotely by a computer using LabView 2017.

The software records the raw data of sixty shots of the positron beam (which equates

to one minute of DAQ time) from the oscilloscope to the computer. The computer

then goes to the next controlled variable (i.e. a change in laser delay, laser wave-

length or microwave frequency etc.) and records another sixty shots1. Once the

1Sixty shots between variable changes allows variation of the beam over time to be accounted
for while also optimising data acquisition time, as waiting for variable changes is slow.
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Figure 3.9: A schematic representation of the information flow of the system between all
the equipment. Control is shown as solid black arrows, data is dot-dashed blue,
voltages are large dotted green, trigger pulses are large dashed purple, optical
inputs are small dashed red and microwaves are small dotted yellow. The mi-
crowave amplifier was only present for the work presented in Chapter 6, and
the microwave power meter is not present during Ps data acquisition.

program has recorded sixty shots for each controlled variable2 programmed into a

data run (i.e. a line shape or a laser delay optimisation scan) it will repeat the pro-

cess. Figure 3.9 shows a diagram of the signal flow in the system demonstrating

how all the processes are controlled and linked.

The output of each detector was passed through a 50 Ω splitter3, to split the

signal in two. This reduced the amplitude of the signal by half for both outputs of

the splitter, but allowed the scope settings to be changed to provide a low-gain and

high-gain channel for each detector. The low-gain channel was set so that the whole

signal was recorded by the scope, from noise floor to peak. The high-gain channel

was set so that the top of the initial positron annihilation peak was cut off, but the

tail was still visible, see Figure 3.10(c). This provides higher resolution of V (t) in

the tail end of the signal and because V (t) has an exponential decrease this gives

better SNR for the low amplitude events at the end of V (t) which corresponds to

long lived Ps. The high-gain channel has a scope selected range which is ∼2% of

2The order of which is randomised.
3The PMT and scope impedance is 50 Ω.



3.3. Data Acquisition & Analysis 66

the low-gain channel with around 150 ns of the peak cut off.

Data analysis is performed in Python [257, 258], during which the high and

low gain channels are recombined to provide one complete time spectra per shot

of the positron beam per detector. Examples of this are shown in Figure 3.10(c)

where all data of V (t) < 10 mV is from the high gain channel. Any DC offset is

removed by averaging and subtracting the first one-hundred data points of the scope

trace, ∼ 800 ns before the positrons arrive at the conversion target. The maximum

signal amplitude Vmax of each shot of the positron beam occurs when the positron

pulse hits the conversion target and is known as the prompt peak4. The Vmax of

each shot within a data run were compared and any shots outside the scatter of the

Vmax values were discarded. This is because anomalously low Vmax values indicate

a misfire of the trap/buncher or other accumulation/timing issues which can have

a dramatic impact on the SNR of the processed data due to the incorrect relative

timing of the system. Figure 3.10(a) shows an example of the recorded Vmax for one

data run taken in Chapter 7 with only one shot being discarded. In a typical data

run there will be fewer than 0.05% of shots discarded.

In the data analysis, t0 is defined as the arrival time of the positron pulse at the

target. t0 was extracted from the recorded data by applying constant fraction dis-

crimination (CFD) [118] to the rising edge of the prompt peak. This was performed

uniquely for each detector and each individual shot of the positron beam. This en-

sured that t0 is at the same relative amplitude of the prompt peak in each shot of

the beam, compensating for fluctuations in the intensity of the positron beam (and

so Vmax) and any detector dependent effects. This also ensured that any small vari-

ations in the arrival time and width of the positron pulse were taken into account.

The measured jitter of t0 was < 1 ns on average, which does not impact the timing

of later events.

Figure 3.10(b) shows an example of the calculated t0 relative to the start time

of the data acquisition for the same data as in panel (a). The shot with an anoma-

lous Vmax value (#4310) also has an anomalous t0 value. But some shots have an

4Note that for these measurements the high voltage gains of the detector PMTs were set to pro-
vide a consistent Vmax of ∼ 250 mV across all detector.



3.3. Data Acquisition & Analysis 67

160

200

240

280

320

V
m
a
x
 (

m
V

)

(a)

Data

Lower Cutoff

Upper Cutoff

0 1000 2000 3000 4000 5000
Shot

1000

1020

1040

t 0
 (

n
s)

(b)

Data: 〈
t0
〉
= 991. 73± 0. 02 ns

1000 1200 1400
Aquisition Time (ns)

0

100

200

V
(t

) 
(m

V
)

(c)
Shot #1: 
t0 = 992 ns

Shot #800: 
t0 = 1042 ns

Shot #1000: 
t0 = 992 ns

Shot #4310: 
t0 = 1052 ns

Figure 3.10: (a) An example of the maximum amplitude of the recorded SSPALS spectra
for each shot of the positron beam for one detector recorded during the work
in Chapter 7. (b) The jitter in the arrival time of the positrons as measured
by CFD methods described in the text for the same data as in (a). (c) An
example of the CFD process on four sample SSPALS spectra from the data in
this figure. The threshold is at 80% of the peak height for all these shots with
shots #1 and #1000 being typical and shots #800 and #4310 being anomalous.
The horizontal line in (c) is the maximum voltage threshold of the high gain
channel.

anomalous t0 but not an anomalous Vmax and so were not excluded by this method

and will reduce the SNR of the data. Examples of good and bad shots are shown in

Figure 3.10(c) with the bad shots (#800 and #4310) visually different from the two
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good shots (#1 and #1000). The bad shots arrive later, but also have a longer rise

time indicating the positron pulse was not its optimal ∼3 ns duration. The constant

fraction used to determine t0 was 80% of Vmax, which corresponds to most of the

positron pulse being implanted into the conversion target and a few ns before Ps

emission (positron implantation and Ps emission are separated by ∼ 10 ns for the

converter used in this work [93], as discussed in the next section).

3.4 Positronium Formation
A mesoporous silica target was used as a positron to Ps converter due to its low Ps

emission energy and reasonable conversion efficiency of ∼30 % [58]. The meso-

porous silica is a ∼ 1 µm thick film on a substrate of silicon, consisting of bulk

silica interspersed with voids of radius rpore = 2.5±0.5 nm which are connected to

the surface (the growth methods of which can be found in References [179, 180]5),

see Figure 3.11 for a schematic.

Incident positrons form Ps in the bulk silica [251], whereby the positrons can

free many bound electrons in inelastic collisions6. Once the positron has cooled

sufficiently it can capture one of the newly free electrons (those that have not re-

combined with the ions), forming Ps [201]. The Ps then diffuses into the voids

with an energy of ∼ 1 eV [208] where it cools through inelastic collisions with the

void walls [207]. The Ps travels through the voids to the surface and is emitted into

vacuum within ∼ 10 ns [92].

Ps is almost entirely formed in the ground state and can be either o-Ps or p-Ps,

being produced equally in each of the four sub-states with each combination of spins

being equally likely [67]. There is one singlet level and three triplet levels, thus 75%

of the produced Ps is the desired o-Ps state. Any p-Ps formed is indistinguishable

from positrons that annihilate during implantation due to its very short lifetime of

125 ps. Only the o-Ps lives long enough to be cooled and emitted from the voids

into vacuum.

5In this instance using Pluronic F-127 ethyleneoxide/propyleneoxide block copolymer (BASF)
with a 0.016 F-127/Si molar ratio.

6The bandgap of Si is 1.1 eV [176] so many electrons are freed when the positrons are implanted
at a high energy.
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Figure 3.11: A diagram showing the structure of the mesoporous silica targets and the Ps
formation process. Incoming positrons (red) can form positronium in the bulk
after freeing electrons. p-Ps (blue) will annihilate in the target but o-Ps (green)
can escape into vacuum to be laser excited. Wiggly black lines are gamma-
rays from annihilation. Not to scale. Adapted from Reference [77]

A negative potential VT is applied to the silica, which is sitting on an elec-

trode ET, to accelerate positrons into the target. The larger VT the slower the emit-

ted o-Ps. This is because higher energy positrons are implanted deeper into the

silica film, meaning the resultant Ps experiences more cooling interactions within

the pores on its way to the surface [58]. The minimum energy, Emin, of the emit-

ted Ps is determined by the zero-point energy of the Ps due to quantum confine-

ment of the de Broglie wavelength in the pores [58]. Emin is given by the for-

mula Emin = π2h̄2/2mPsr2
pore which equates to 30 meV for the sample used in this

work [58]. Cooling to Emin takes ∼ 5 ns for implantation energies and targets similar
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Figure 3.12: (a) Example spectra from the PWO detector at: VT = 0 V showing positrons
reflecting from ET (black), at VT = 755 V showing implantation but no o-Ps
emission (red), and at VT = 3505 V showing implantation and o-Ps emission.
The dashed vertical lines are the integration bounds A, B and C used to obtain
fd , see Section 3.6. The horizontal line is the maximum voltage of the high-
gain channel of the oscilloscope. (b) The delayed fraction fd as a function of
VT for the silica conversion target with the dashed line showing the value of
VT used in experiments. Each spectra was 180 shots of the positron beam.

to that used in this work [92].

In this work the potential applied to the target for positron implantation was

VT =−3.5 kV. The bias was kept as low as possible, while maintaining efficient Ps

production and cooling, in order to minimise the effect of Stark quenching of the

2S state and Stark shifts of microwave transitions. Figure 3.12(b) shows the opti-

misation of VT where fd is proportional to the amount of Ps being produced (and is
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Figure 3.13: The coordinate system used in this work. Positrons (large red arrow) were
incident from the −z direction and the Ps (green arrow) was emitted in the
opposite direction in reflection geometry. The electric and magnetic fields
were both aligned along the z-axis. The IR laser (thin red arrow) propagated
in the −x direction, polarised orthogonal to the applied fields. The UV laser
(blue arrow) propagated in the +x direction, polarised parallel to the applied
fields. The y-axis is the vertical axis.

explained in detail in Section 3.6). This data was recorded using a PWO scintillator

due to the faster decay time offering improved temporal resolution. Figure 3.12(a)

shows the corresponding SSPALS spectra of a ground state Ps signal for 180 shots

of the positron beam at different implantation energies. With zero, or near-zero,

implantation energy positrons are reflected from ET which causes a large fd and

a broad prompt peak, but no Ps formation. As the positrons are more efficiently

implanted fd drops but still no Ps is emitted, narrowing the prompt peak. Finally

enough Ps is made and emitted to start to increase fd again with the SSPALS spectra

tail forming an exponential of τo−Ps = 142 ns.7

The conversion target is a reflection target, meaning the o-Ps is emitted back

along the same direction as the incident positrons. The coordinate system used

defines the direction of Ps emission as the positive z-axis, see Figure 3.13, with the

lasers propagating in the x-axis and magnetic fields also in the z-axis.8 Figure 3.14

7Note the horizontal green line in Figure 3.12(a) shows the cutoff between the high- and low-gain
channels of the recorded data.

8A reflection target is limited by the fact that the Ps experiment must take place in the same
region as the positron beam, sharing fields and apparatus. But reflection mesoporous silica targets
are easier to make and have higher production efficiency than their transmission counterparts because
positrons are not lost in the substrate [28,184]. Other transmission converters such as thin film metals
(e.g. [191] which produces Ps and Ps−) and smoked MgO [130] produce faster Ps than mesoporous
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Figure 3.14: A close up of the excitation region between the target ET and grid EG elec-
trodes, both made of Al. The dashed line on EG is the tungsten mesh, which
has a diameter of 16 mm. The red arrow shows positrons incident from the
right and the green shading represents the Ps cloud as it spreads out in the
opposite direction, with some escaping underneath the grid. The yellow is the
silica target fixed to ET by the Cu (brown) clamps. The blue and red spots
represent the UV and IR lasers, respectively.

shows the target electrode ET with the silica target affixed to it with copper clamps.

The electrode EG, being a distance dTG and electrically isolated from ET by ceramic

insulators, is there to allow control of the electric field in the laser excitation region

(LER) between ET and EG. The electric field, FTG, was in the z direction, parallel

to the guiding magnetic field Bz. Incident positrons and emitted Ps pass through a

silica.
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Figure 3.15: A photograph of the target ET and grid EG electrode with dTG = 11 mm.

∼95% transmission tungsten mesh with a 16 mm diameter. Figure 3.15 shows a

picture of the setup used in this work.

EG is grounded in most experiments but is sometimes biased to VG =−400 V.

This is because although incoming positrons possess an energy of ∼ 300 eV from

the buncher, they can reflect or be deflected from the electrodes if a component

(such as an insulator) charges up, or if a component (such as a screw) is slightly

magnetic. A negative bias on EG allows incoming positrons to overcome any re-

pulsing potential and pass through the grid to be implanted in the conversion target.

VG = −400 V was the minimum bias required to prevent the back-scattering pro-

cess. Positron back-scatter is not desirable because it can cause distortions to the

SSPALS spectra which is detrimental to some experiments and will be stated as

such in the appropriate chapter.

Although the minimum energy of the Ps in this work is Emin = 30 meV the av-

erage o-Ps atom is much faster than this at ∼ 120 meV [229]. The longitudinal ve-

locity distribution vz in our coordinate frame is always positive, moving away from

the target. Ps from similar mesoporous silica targets has a measured average longi-

tudinal velocity of vrms
z ≈ 180 km/s, but with a broad range of 20 - 450 km/s [22,92].

The radial velocity vr =
√

v2
x + v2

y is expected to be uniform in all directions due to

the random alignments of the pores and have a cosine distribution [22]. This has

been measured by Doppler spectroscopy of the 1S → 2P transition, see Section 3.7
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for details, with typical average velocities of vrms
r = 95 km/s.

3.5 Laser Setup
This experiment required laser light with wavelengths of 243 nm and ∼ 734 nm for

the Ps 1 3S1 →2 3PJ and 2 3PJ → n 3S/DJ transitions respectively, see Figure 1.2 for

a diagram of the excitation scheme. The laser setup used to produce these wave-

lengths started with a Continuum Surelite II Nd:YAG laser which was pumped by a

Xe lamp running at 10 Hz producing pulses of λ = 1064 nm light at a 1 Hz repeti-

tion rate to match the positron beam. The 1064 nm beam had a temporal width of

∆t =∼ 5 ns, a diameter of 7 mm and an energy of ∼ 650 mJ per pulse. The 1064 nm

light was frequency doubled to 532 nm using non-linear processes in a dihydrogen

phosphate (KDP) second harmonic generation (SHG) crystal. The fundamental and

second harmonic were frequency tripled using a second KDP crystal to give 355 nm

light. The phase-matching of the harmonic crystals is optimised to give maximum

355 nm power and the resultant pulses had the same spatial and temporal character-

istics as the original 1064 nm pulses. See Figure 3.16 for a full layout of the laser

setup.

The 355 nm light (typically ∼ 100 mJ) pumped a Sirah Cobra Stretch dye laser

with a single amplifier stage. The dye used was Coumarin-4809 and with the res-

onator tuned to λ = 486 nm the dye has a gain of ∼ 10%. The resonator cavity is not

made from a diffraction grating, as is typical in ns dye lasers to minimise the band-

width of the laser pulse. Instead it is made from a set of prisms and a mirror designed

to give the maximum bandwidth possible, in this case ∆νFWHM = 100 GHz. This is

done to maximise the addressed population of the Doppler broadened 1 3S1 →2 3PJ

transition which has a width of 500 GHz, as discussed further in Section 3.7.

The laser pulse from the Sirah dye laser (the fundamental) was frequency dou-

bled using a BBO crystal to 243 nm. The second harmonic was separated from the

remaining fundamental light (the SHG process having an efficiency of ∼ 6%) using

a set of four Pellin-Broca prisms, see Figure 3.16, which removed the unwanted

9Or Coumarin-102 depending on your naming preference. Which has a tunable range of 459 -
508 nm.
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Figure 3.16: A diagram of the laser setup at UCL. The 355 nm (blue) from the YAG laser
pumps the Sirah dye laser to produce 486 nm (light blue) which is doubled to
243 nm (purple) which goes into the chamber. The 532 nm (green) from the
YAG pumps the Radiant dye laser to produce IR radiation (red) which is sent
to the chamber.

fundamental wavelength while preserving the beam alignment as the wavelength

changed. The resultant UV beam was capable of scanning the full line width of the

1 3S1 →2 3PJ transition by tuning the resonator cavity. The SHG crystal was auto-

matically phase matched as a function of resonator wavelength using a lookup table

designed to provide maximum UV power.

The UV beam was transported to the vacuum chamber using excimer laserline

mirrors designed for 248 nm radiation but which still have >97% reflectivity at

243 nm at an angle of incidence of 45◦ and 180◦. The final UV beam at the Ps

conversion target propagates in the +x direction, is linearly polarised parallel to

the electric and magnetic fields, has ∆t = 5 ns, ∆νFWHM = 100 GHz, and a spatial

FWHM of 7.5 mm vertically and 5.1 mm horizontally (as defined by the dye laser).

The UV beam entered the vacuum chamber through UV suitable vacuum windows

with a power loss of ∼ 10%. The energy of the UV laser pulses had a shot-to-shot

rms stability of ∼ 4% and varied over time from 0.2 to 0.6 mJ due to decay of the

laser dye efficiency, which resulted in the laser dye being changed every two to four

weeks. The 1S → 2P transition was confirmed to saturate down to at least 0.18 mJ,
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hence the change in pulse energy should have no significant effect on excited state

production.

The 532 nm light from the YAG (typically ∼ 45 mJ) pumped a Radiant Preci-

sion Scan dye laser with one amplifier stage. The dye used was Styryl-810 which

has a tunable range of 715 - 779 nm with a peak gain of 16% at 743 nm. The

wavelength could be tuned to excitation of n = 2 → 8 at 777.7 nm, to photoionisa-

tion (n = 2 → e++ e−) at 728.4 nm. A Bristol Instruments Model 821 wavemeter

was used to calibrate the output IR wavelength of the Radiant to a precision of

0.02 nm. The IR beam at the Ps conversion target propagates in the −x direction,

is linearly polarised orthogonal to the electric and magnetic fields, has ∆t = 5 ns,

∆νFWHM = 5 GHz (the resonator cavity in this dye laser is grating based and so

has a narrower bandwidth than the Sirah), and a spatial FWHM of ∼8 mm. The IR

beam was made deliberately larger than the UV beam using a telescope in order to

ensure any n = 2 Ps was addressed by the IR laser. The pulse energy of the IR laser

also had a ∼ 4% rms stability, and varied from 3 to 7 mJ primarily due to instability

in the internal alignment of the dye laser optics. This variation occurred on the scale

of several months and did not affect the laser excitation process within this work.

3.5.1 Laser Beam Alignment & Selection Effects

The laser beams were aligned in the vacuum chamber to be between ET and EG,

the laser excitation region (LER), see Figure 3.17. The broad longitudinal Ps ve-

locity distribution meant that the Ps ensemble was spatially larger than the laser

spot shortly after emission from the conversion target. The slowest o-Ps velocity in

the z-axis was ∼ 20 km/s, and the fastest was ∼ 450 km/s [92]. If two atoms with

this velocity are emitted with a large temporal separation of 4 ns, as per the positron

beam temporal width, then the atoms will be over 5 mm apart within < 10 ns (5 mm

being the horizontal spot size of the UV laser which dictates spatial selection). Be-

cause of this the lasers excite a subset of the Ps vz distribution, for more information

on this see Section 4.1. The laser pulse is 5 ns long meaning that some atoms

may fly into and out of the laser beam while it is present, further complicating the

10Or LDS-751 depending on your naming preference.
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Figure 3.17: A diagram of the laser setup at the vacuum chamber. The IR beam (red) is
incident from the left and the UV beam (purple) is incident from the right.
The dashed purple line is the retro-reflected beam which is dumped before it
goes back into the laser with an angular deviation from the incident beam of
θretro.

selection process.

In the y-axis the maximum velocity was vy ≈ 350 km/s, resulting in the atoms

being outside the ∼ 8 mm UV spot in < 6 ns, compounded by the ∼ 3 mm spot size

of the positron beam. This means that the further the laser is from the conversion

target the more extreme the y-axis selection effect will be because the atoms will

take longer to reach the laser spot. Atom selection in the x-axis, being the axis of

the laser beams, is determined by spectral overlap, not spatial overlap, and will be

explained later in this section.

The laser position was aligned by optimising the laser induced signal (in this

case a photoionisation signal that uses the UV and IR beams to ionise the Ps, see

Section 3.6 for more detail) to address the maximum possible populations of atoms.

The optimal horizontal laser position was ∼2 mm from the surface of the conversion

target, allowing most of the laser spot to address the Ps, but near enough to the target

that the Ps had not spread out too much. The optimal vertical laser position is at

the centre of the Ps ensemble, i.e. aligned to the vertical centre of the positron

beam. The lasers were aligned to be parallel to the surface of the conversion target

in order to only Doppler select the component of the velocity distribution which

were symmetric around vx = 0 km/s (see Section 4.1).

As mentioned in Section 3.1.2 the laser is triggered relative to the trap gate
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release. A TTL pulse from the SRS DGS649 triggers the YAG flashlamp 178 µs

before the trap gate is lowered. The Q-switch (which opens the resonant cavity

of the laser and emits the laser pulse) is triggered by a separate TTL pulse a few

hundred ns after the trap gate release. The relative flashlamp and Q-switch delay

is defined by the laser properties and chosen for maximum pulse power. The exact

Q-switch delay is determined by multiple factors including the electronic lag in the

system, the time it takes for the positrons to arrive at ET, and the laser beam path

length from the YAG laser to the chamber. The UV and IR beam path lengths were

designed to be the same to ensure that their arrival time at ET did not differ by more

than 2 ns, and the YAG has a jitter of 1 ns, which will not significantly effect Ps

excitation.

tlsr is defined as the arrival time of the laser at ET with respect to t0. This was

measured using a plastic scintillator with a fast rise time (∼ 2 ns), and a decay time

of ∼ 10 ns, coupled to a PMT. Normally the detectors in this work were completely

covered in blackout material to prevent ambient light and the laser pulse causing

events on the PMT. However, this detector had a small pinhole in the end to let in

the laser light. This allowed the positron and laser pulses to be observed on the

same device and the relative timing to be determined to within 2 ns. Figure 3.18
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Figure 3.18: An oscilloscope trace recorded using the plastic pinhole scintillator detector
described in the text used to measure the relative timing of the positron and
laser pulse. The first pulse at t0 is the positron pulse and the second pulse is
the lasers at tlsr = topt.

lsr . This trace is the average of 30 shots of the positron and
laser beams.
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shows an example of this data for the optimal value of tlsr = topt.
lsr , as defined below.

The temporal overlap of the laser with the Ps is optimised by scanning the delay

of the YAG Q-switch, and therefore the value of tlsr, to find the maximum photoion-

isation signal. This changes the subset of the o-Ps distribution that is excited by the

laser, whereby different parts of the broad vz distribution will be within the laser

beam profile at different times. Delaying the Q-switch in this manner does not af-

fect the power as the change in flashlamp/Q-switch timing is negligible and so the

signal change can be entirely attributed to velocity selection effects. An example of

a laser delay optimisation scan is shown in Figure 3.19 with a typical optimum topt.
lsr

of +20 ns. The signal is given as the Sγ parameter (explained in the next section)

which is proportional to the amount of Ps addressed by the laser. Ps is emitted from

the conversion target ∼ 10 ns after implantation [92], and as established earlier the

Ps cloud is larger than the laser spot within 10 ns after emission. topt.
lsr = +20 ns is

therefore the latest time at which the laser and Ps overlap will be at its maximum.

Although tlsr is typically selected to address the maximum amount of Ps, some-

times it is desirable to change the energy of the Ps but reduce the excitable popula-

tion. By making the laser delay earlier than the optimum (i.e. tlsr < topt.
lsr ns) a faster

slice of the total Ps distribution will be targeted, and when the laser delay is later

than the optimum (tlsr > topt.
lsr ns) it will target a slower portion of the atoms. The

speed can be measured by Doppler spectroscopy, as discussed in Section 3.7.
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Figure 3.19: A laser delay scan (red points) showing that the time at which the lasers ad-
dress the most Ps is at topt.

lsr =+20 ns as indicated by the dashed line.
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One excimer mirror was used to retro-reflect the UV beam back through the

chamber in the −x direction after it has addressed the Ps once on its incident, +x di-

rection, pass, see Figure 3.17. This, while also increasing the total UV laser power,

has the primary benefit of compensating for any Doppler selection effects due to

wavelength drift which can happen due to temperature and humidity fluctuations in

the dye laser. If the laser wavelength is detuned from resonance then atoms moving

away from/toward the laser will be preferentially excited depending on the direction

of drift. By retro-reflecting the beam this effect, and any recoil from the energy of

the photons, is exactly reversed, resulting in ⟨vx⟩= 0 km/s.

The retro-reflected beam must be well aligned to the incident beam to ensure

proper Doppler selection. The beam was overlapped precisely in the horizontal di-

rection to ensure the velocity selection of vz did not change, and slightly misaligned

in the vertical direction to allow the beam to be blocked before it re-entered the laser

to prevent damage. This resulted in a θretro < 0.6◦ divergence, for a misalignment

of < 3 mm at ET meaning a reasonable spatial overlap between incident and retro-

reflected beam. The retro-mirror was ∼ 30 cm from the conversion target meaning

the retro pulse would be delayed from the incident pulse by 2 ns. Given the 5 ns

duration of the laser pulse this gives the retro-beam good temporal overlap with the

incident beam, whereby the Ps will travel < 1 mm in this time. The retro-reflected

beam typically has its power reduced by < 25% relative to the incident beam. This

is due to transmission through the UV vacuum window twice and reflection from

the excimer mirror. The IR beam can pass through the retro-reflection mirror with

>90% transmission allowing retro-reflection to be confirmed through the obser-

vation of a Lamb dip in Doppler scans as shown in Figure 3.23 and explained in

Section 3.7, demonstrating sufficient power and good alignment.

3.6 SSPALS & Photoionisation

Time-resolved gamma-ray spectroscopy is used to detect and quantify the Ps sig-

nal, with the particular method used being single shot positron annihilation lifetime

spectroscopy (SSPALS), first demonstrated by Cassidy et al. in 2006 [62]. It works
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by measuring many decay events simultaneously from pulsed positron sources us-

ing the detectors described above and analysing the time-resolved data. An example

of the recorded oscilloscope data has already been shown in Figure 3.12(a) which

shows V (t) for a PWO detector at different values of VT demonstrating the forma-

tion of Ps.

For laser induced signals a LYSO detector is used, an example of which can be

seen in Figure 3.20(a) for two different cases. The grey, dashed line is Ps production

from mesoporous silica but no laser excitation (i.e. ’laser off’), this case shows

self-annihilating o-Ps events. The second case in solid green is where the o-Ps is

photoionised immediately after formation by the UV and IR lasers described above

in a two-step, two-colour process (i.e. ’laser on’). This is a technique known as

REMPI (Resonance Enhanced Multi Photon Ionisation) [94] where the IR photon

is tuned to be on resonance with the n= 2 to ionisation threshold energy interval, the

full process is: 1 3S1
λ=243 nm−−−−−−→2 3PJ

λ=728.2 nm−−−−−−−→ e−+ e+. This causes the positron

and electron to be freed, whereupon the positron is attracted to the negatively biased

target still at -3.5 kV, and has a 70% chance of annihilating, causing a peak in the

measured SSPALS spectra. The example given here is a photoionisation signal

occurring at tlsr = topt.
lsr for T=−3.5 kV and EG = 0 V (both DC). It is possible to see

the decrease in the photoionised signal at late times compared to the spectra with

the ’laser off’, from 200 - 500 ns, however the increase in early annihilation at tlsr

is harder to see due to the dominating annihilation from the incident positrons.

This early part of the signal, the prompt peak, is caused by instantaneous an-

nihilation of incident positrons and p-Ps which dominates the smaller and more

spread out o-Ps related signals, bearing in mind that 70% of positrons will anni-

hilate upon implantation into the SiO2 converter. To make changes in annihilation

time clearer we can define the laser off spectra as the background and the laser

on spectra as the signal. Subtracting the background from the signal produces a

background subtracted (or b-sub) spectra which shows very clearly the increase in

early annihilation events corresponding to the application of the laser pulse, see

Figure 3.20b. The negative signal at later times shows when the o-Ps annihilated in
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Figure 3.20: An example of a photoionisation signal. (a) shows the SSPALS spectra with
the laser on (green) and off (grey) taken using a LYSO detector. A small
difference can be seen between the two signals in (a) which becomes clearer
in (b) which shows the background subtracted difference spectra of (a). The
bump centered around 20 ns shows there is more annihilation at early times
when the o-Ps is photoionised. The subsequent dip shows when those annihi-
lation events happened in the background signal. The dashed lines represent
the integration boundaries A= −35 ns, B= 100 ns, and C= 700 ns used to
obtain Sγ . This is the average of 6680 shots of the positron beam.

the background signal.

SSPALS quantifies the change in annihilation time by analysing the fraction of

events that occur in the latter part of the spectrum, representing long-lived atoms.

The fraction of the spectra that is delayed can be obtained by integrating the signal

such that

fd =

∫ C
B V (t)dt∫ C
A V (t)dt

, (3.1)
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where A, B and C define time windows. A to C is the total signal and B to C is the

delayed events, these bounds are shown in Figure 3.20 for photoionisation spectra.

fd is used to quantify Ps production efficiency, as shown in Figure 3.12, whereby fd

will increase with increased Ps production. All background subtracted signals are

normalised to the total area
∫ C

A V (t) to account for moderator decay which would

otherwise lead to a drop in signal amplitude over long data acquisition times. fd is

self-normalising, being a fraction of events which does not depend on the number

of positrons or Ps atoms produced.

It is important to note that while fd is proportional to the amount of long-lived

Ps produced it is not the true fraction of Ps produced due to solid angle variation

between events in the prompt peak and the tail, saturation effects of the PMT, the

limited temporal resolution of the scintillator and PMT, the two and three gamma

ray detection efficiency etc. [57].

The difference between two signals can be quantified by comparing their val-

ues of fd as a fractional difference,

Sγ =
( fbk − fd)

fbk
, (3.2)

where fd is the delayed fraction of the signal and fbk is the delayed fraction of the

background. This can be used to quantify and compare different events such as

photo ionisation, 2S production and Rydberg FI. In this work a positive Sγ corre-

sponds to more early annihilation events in the signal than the background, meaning

the perturbation applied the Ps is causing earlier annihilation (e.g. photoionisation,

various quenching effects or field ionisation of Rydberg states). A negative Sγ indi-

cates more late annihilation in the signal compared to the background, meaning the

conditions are promoting long-lived Ps (e.g. metastable 2 3S1 or Rydberg produc-

tion). Figure 3.19 gives an example of how Sγ is used to optimise the laser timing,

displaying positive Sγ due to the earlier annihilation of photoionised Ps than o-Ps.

The integration windows of fd (which are always the same for every shot in

a data run) depend on what Ps state or behaviour is being observed (e.g. 2 3S1

production, Stark quenching or photoionisation) and the detector being used. A
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is always set before t0 to include the entire prompt peak. B is chosen based on

the event being viewed, whereby the event must cause a change in the annihilation

fraction from the region AB to the region BC. The exact value of B is chosen based

on the optimum SNR of the Sγ parameter, providing the best contrast between early

and late events, see Figure 3.21. C is set as late as possible while excluding noise

from the integration region and also optimised for maximum SNR, optimising the

amount of signal vs noise in the tail. [62]

Statistical uncertainties in the measurement are calculated from the standard

error in the mean of Sγ as calculated for each individual shot. Or when the amplitude

of the background subtracted spectra is being extracted it is the standard error in the

mean of the shot averaged signals at each individual sampling time.
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Figure 3.21: An optimisation of the photoionisation signal shown in Figure 3.20 as a func-
tion of the integration bound B. (a) shows the Sγ and (b) shows the SNR, the
dashed line shows the chosen optimum of 100 ns. This was done for fixed
values of A = -30 ns and C = 700 ns.
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3.7 1S → 2P Line Shapes

Figure 3.22 shows a line shape of the 1 3S1 →2 3PJ transition, referred to as a

Doppler line shape because Doppler broadening is the dominant broadening mech-

anism for this transition. The line shape is a photoionisation signal measured as a

function of UV wavelength (with the IR laser set to the photoionisation wavelength

λ = 728.4 nm, only photoionising Ps that has been targeted by the UV laser). The

Doppler line shape allows identification of the centroid UV wavelength which can

vary due to the relative alignment of the Ps and the laser (because of asymmetric ex-

citation from Doppler effects), and environmental effects within the laser. Although

environmental effects can be compensated for by measuring the output wavelength

of the laser, Doppler shifts cannot be, hence the use of Doppler line shapes to moni-

tor the wavelength. During these experiments the UV wavelength was always tuned

to the centre wavelength of the measured Doppler line shapes.

As well as determining the optimal UV wavelength, the width of the Gaus-

sian function fitted to the data is a measurement of the average kinetic energy of
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tlsr = topt.  + 20 ns: 
λ0 = 243.035 ± 0.003 nm
σ = 296 ± 1 GHz〈
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〉
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λ0 = 243.035 ± 0.006 nm
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Figure 3.22: Normalised Doppler profiles of the 1S → 2P transition as measured during the
work in Chapter 7. The blue (circles) profile was taken at tlsr = topt.

lsr + 20 ns
while the red (squares) profile was taken at tlsr = topt.

lsr −10 ns. This shows the
significant change in velocity obtainable by adjusting tlsr. The shaded region
represents the 100 GHz FWHM UV bandwidth.
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the Ps in the x-axis which is calculated using the formulas ⟨v2
x⟩ = (cσ/λ0)

2 and

KE = me⟨v2
x⟩. This is because the Doppler broadening is significantly larger than

any other broadening effect. The measured FWHM of the transition is ∼ 500 GHz,

and the 100 GHz laser bandwidth is the next largest determining factor of the line

width (transit-time broadening, power broadening, and the natural line width are all

less than 1 GHz). Figure 3.22 shows two line shapes, the tlsr = topt.
lsr +20 ns data (blue

circles and line) has a larger width than the tlsr = topt.
lsr −10 ns data (red squares and

line), corresponding to greater Doppler broadening, and therefore higher energy.

The two different Ps energies are obtained by varying the delay of the laser excita-

tion from positron implantation, selecting a different subset of atoms as discussed

above.

The Doppler profiles measure the transverse kinetic energy in the x-axis, which

can also be applied to the y-axis due to symmetry in the pores of the silica. Fig-

ure 3.22 demonstrates the symmetry of the Ps velocity distribution, indicating uni-

form Ps emission from the target in all directions. Time of flight (ToF) measure-

ments to measure vz are not used in every experiment as they require specialist

setups with precisely defined annihilation points [229], which is not always possi-

ble, whereas the UV laser is present in all experiments, hence Doppler profiles are

used to determine the energy of the Ps atoms.

Doppler profiles were used to confirm retro-reflection of the UV beam. A retro-

reflected Doppler profile is shown in Figure 3.23, the proof of retro-reflection being

the Lamb dip in the centre of the line shape [173, 187]. The Lamb dip at the reso-

nance is due to both the incident and retro beams targeting the same subset of the

vx velocity distribution (those atoms that had a velocity within the 100 GHz band-

width of the UV laser), whereby if the laser power is close to or above saturation

power, then no more atoms can be excited by the addition of the retro beam [64].

However, if the laser is detuned from the centroid by greater than the Doppler free

line width of the transition σLW (i.e. the line width not including Doppler broaden-

ing, but including all other broadening mechanisms such as laser bandwidth, power

broadening etc.) then the subset of atoms moving faster than vx = 0 km/s by one line
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widths worth of Doppler shift ±λLW can be excited in both directions, increasing

the amount of Ps being addressed by the laser.

If the retro and incident beams are saturating the transition, perfectly over-

lapped, and there is minimal other broadening then the Lamb dip should be almost

50% of the peak amplitude. This is because the number of atoms moving at a veloc-

ity corresponding to ±λLW will be fractionally less than the number at vx = 0 km/s

due to the Gaussian distribution, and thus when summed together will be almost

twice the magnitude of the vx = 0 km/s contribution. This is not the case here with

a dip of only ∼ 18% of the amplitude. This is likely due to the imperfect spatial and

temporal overlap of the incident and retro beams not targeting the exact same subset

of the velocity distribution. The profile is fitted with two Gaussian functions with

the same width σ and with a fixed separation δ from the centroid λ0, representing
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Figure 3.23: A retro-reflected Doppler line shape of the 1 3S1 →2 3PJ transition (red circles)
measured using the photoionisation signal during the work in Chapter 7. The
data is fitted with the double Gaussian function given Equation 3.3 (solid red
line). The blue dashed lines show the single Gaussian components of the fitted
double Gaussian and the shaded band is the UV laser bandwidth.
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the two populations being excited by the incident and retro beams,

Gretro(λ ) = A

e
−(ν −λ0 +δ )2

2σ2 + e
−(ν −λ0 −δ )2

2σ2

 . (3.3)

3.7.0.1 Model Fitting

Mathematical models, such as the Gaussian used to quantify the Doppler profiles,

were fitted to data using two methods. For data that only had an error associ-

ated with the measured variable a least squares fitting algorithm was used, namely

scipy.optimize.curve fit [262]. However, when data had an error on the controlled

variable as well as the measured variable the fit was performed using the orthogonal

distance regression method (ODR), implemented using the Python scipy.odr mod-

ule [46], because the least squares fitting algorithm cannot account for error in both

variables.

3.8 2 3S1 Production
As already discussed the 2 3S1 state is hard to produce due to electric dipole se-

lection rules forbidding single-photon excitation from the ground state. This work

utilises Stark mixing of the 2S and 2P states to allow single-photon production of

2S atoms to occur. The Ps atoms are excited from the ground state to n = 2 by the

UV laser while in an electric field. This produces a mixed state 2 3S′
1 which has

2 3S1 and 2 3PJ character as described in Section 2.3.

If, while in this mixed state, the electric field is adiabatically lowered to zero

(i.e. slow enough for the probability density to adapt to the changing conditions

and maintain its eigenstate [47]) then some portion of the atoms will evolve into the

pure 2 3S1 state with a maximum efficiency of 25%. This is due to the branching

ratio of the excited mixed state to the n = 2 states upon field removal. i.e. there

are nine triplet 2P states and three triplet 2S states that make up the mixed state,

all of which may be created upon adiabatic field removal [26]. Because the field

that allows the transition to occur also shortens the 2 3S′
1 lifetime the electric field

needs to be lowered as fast as possible to minimise losses from fluorescence while
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continuing to be adiabatic to ensure the states evolve into the desired 2S states, not

any possible state in the n = 2 manifold [20]. The removal rate of the field is limited

by the high voltage switches used to remove the field (see Section 3.8.1), and as such

the maximum possible switching rate has not been established. No benefit is gained

from optimising the excitation field because although a higher field makes the 2 3S′
1

state decay faster it also makes the laser excitation more efficient, and the opposite

was the case at lower fields [26].

The mixed state is more favourably created when the laser polarisation and

electric field are parallel (meaning ∆MJ = 0). This preferentially excites the outer

triplet Stark states which couple more strongly to the long-lived 2 3S1 and sup-

presses magnetic quenching of the atoms to singlet states, allowing more Ps to

evolve into pure 2 3S1 [23, 24]. Due to this selection rule the 2S state is produced

with the same atomic polarisation (i.e. the distribution of MJ values in the pop-

ulation) as the ground state with equal distribution across all three MJ sub-states

making the 2S atoms unpolarised (barring any polarisation of the positron beam it-

self which can be up to 30% polarised in similar setups [65], although this has not

been confirmed for this experiment).

For 2S production the target electrode ET was biased for positron implantation,

as described above, and the grid electrode EG was at 0 V, or close to 0 V. The electric

field used for excitation is a result of the potential difference between VT and the low
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Figure 3.24: 2S production as a function of switching time. The optimum is ∼10 ns after
t0 and ∼10 ns before topt.

lsr = 20 ns.
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(or no) bias on EG, FTG = (VT −VG)/dTG. The electric field was lowered by turn-

ing off the electrode potentials with Behlke GHTS-60B HV ultra-fast, high voltage

(HV) switches, which can lower the applied bias in 30 ns and are described in detail

below. Figure 3.24 shows the optimisation of the 2S production as a function of

switch trigger time, with the optimum switching time being between positron im-

plantation and laser excitation. This enabled the field seen by the mixed state atoms

to be removed as fast as possible while not impeding positron implantation. All 2S

signals were produced with ET being switched off, while all photoionisation signals

are produced at a constant ET =−3.5 kV, i.e. no switching.

Figure 3.25 shows an example of a background subtracted 2 3S1 spectra similar

to those used to make the switch optimisation scan in Figure 3.24. The background

spectra is an o-Ps signal, i.e. no laser excitation, and the signal spectra is a 2 3S1

signal, i.e with the laser present. An early dip and a late bump shows the shifting of

events from early to late times upon application of the laser (both signal and back-

ground had VT being switched off at the same time as this can affect the incoming

positrons which can change the SSPALS spectra). The Sγ is negative as more events

occur in the later part of the spectra within the integration time windows selected

when the laser in on.

The main disadvantage of this production method is that electric fields are es-

sential. These fields can cause undesired effects within the experiment and if the

field is not switched off fast enough significant losses can occur [13]. However,

this scheme produces useful amounts of metastable Ps using just one relatively low-

powered laser when compared to other optical methods. Other demonstrated meth-

ods11 of producing the 2 3S1 state include: (1) two-photon Doppler-free excitation

from the 1 3S1 state [72], (2) stimulated emission from the 3 3PJ state [13, 32], and

(3) direct production in the metastable state during Ps formation in a positron-Ps

converter [74,211]. Each method has its downside; Doppler-free excitation requires

11An as yet undemonstrated method is direct excitation from the 2 3PJ state. If enough microwave
power is applied to saturate the 2P → 2S within its short lifetime the 2S state could be produced from
a two-photon, two-colour excitation. The main experimental limitation of this method is expected
to be the high microwave intensity requirement which is estimated to be > 70 W/m2 for the Rabi
frequency to be on the order of the 2P decay rate, based on Equation 2.23.
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Figure 3.25: An example of a 2 3S1 (green, laser on - laser off), microwave perturbed 2 3S1
(purple, microwaves on - microwaves off) and Rydberg (yellow, laser on -
laser off) background subtracted SSPALS spectra. The 2S and microwave
signal are the average of 11565 shots taken during the work in Chapter 7 us-
ing a waveguide. The n = 23 Rydberg signal is an average of 12738 shots
taken during the work in Chapter 5, with methods described in Section 3.10.
The Rydberg atoms annihilate later than the 2S because of the longer lifetime
of the n = 23 state, but also the setup of that experiment resulted in less early
collisions with electrodes and chamber walls. The 2S and microwave signal
integration bounds were A = -30 ns, B = 700 ns, and C = 1600 ns. The Ryd-
berg signal integration bounds were A = -30 ns, B = 1000 ns, and C = 2000 ns.

high laser power (typically > 10 mJ per pulse) to excite the intermediate state,

though this method does achieve the best 2 3S1 production efficiency. Stimulated

emission requires a complex laser setup to excite the 3 3PJ state (n = 1 → 3 is at

205 nm) and simultaneously stimulate emission to the 2 3S1 state (n = 3 → 2 is at

1312 nm). The amount of n = 2 created directly in a positron-Ps converter is very

low, with all n = 2 states produced equally, of which 2 3S1 is only a small fraction

(3/16) [26].

Figure 3.25 shows a background subtracted microwave SSPALS spectra where

rf radiation drives the 2S → 2P transition which causes the atoms to fluoresce to the

ground state and annihilate earlier than the unperturbed, background 2S population

(see Section 3.9). A similar process, called Stark quenching, can be performed with

the application of electric fields. Just as an electric field makes 2S production possi-

ble it can also be used to trigger early decay from the 2S state, causing it to annihi-



3.8. 2 3S1 Production 92

late by the following path: 2 3S1
Stark mixing−−−−−−−→ 2 3S′

1
fluoresence−−−−−−→ 1 3S1

self−annihilation−−−−−−−−−→
τmean=142ns

3γ .

A field of 3 kV/cm will result in a total decay rate of 0.1 GHz (τtotal = 8.1 ns) for

the 2 3S′
1 state, with the ground state decaying at Γo−Ps.

3.8.1 High Voltage Switching

Behlke GHTS-60B HV ultra-fast switches were used to control time dependent

electric fields. These can switch between two voltages, V1 and V2, with a maxi-

mum difference of ∆V = |V1 −V2|= 6000V in a minimum rise time of trise = 20 ns

(rise times given as the 10%-90% value). In practice this time is larger due to

the resistance and capacitance of the circuit, i.e. from cables, electrodes, vacuum

feedthroughs etc.

The switch rise time was measured by connecting the output of the HV switch

(while still connected to the electrode to preserve the characteristics of the system)

to a 500 MHz, 1 MΩ impedance oscilloscope using a ×100 attenuating, 500 MHz

ET

Behlke
GHTS-60B

Oscilloscope

x 100 Probe

Vacuum

-
HV

+
ISEG

HV Power
Supply

SRS
Digital Pulse

Generator

24V TTL

24V DC
Power Supply

Figure 3.26: The circuit diagram of the HV switching circuit for the target electrode ET.
The HV probe is not present during experimental data taking.
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HV probe, see Figure 3.26 for the circuit diagram. The effect of this probe on the

switching time is expected to be minimal and depend more on the switch behaviour

and electrode capacitance because the probe circuit has a low RC value [26]. An

example of this signal can be seen in Figure 3.27 which was recorded for −3→ 0 kV

on ET and EG = 0 V. The trise of each electrode in each experiment will be given in

the relevant sections as this can vary due to different cable lengths, dTG and vacuum

feedthroughs. In this example trise = 32 ns, which was typical minimum value.

If there is significant capacitance or impedance mismatching in the system then

ringing can occur in the switching profile of the HV output, see the oscillations after

switching in Figure 3.27. This example has an amplitude of up to 65 V and lasts for

>1000 ns. This ringing (and the target bias itself) can create a potential beyond the

grid in EG [183, 230] which can be estimated by [230],

φ = χmsFTG (3.4)

where s = 0.5 µm is the separation of the wires, and χm = 0.219 is a constant
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Figure 3.27: The HV output of a GHTS-60B switch demonstrating the fast rise time (trise =
32 ns) and subsequent ringing of the voltage for ET = −3→ 0 kV and G= 0 V.
The inset shows a zoomed in picture of the ringing component where the
vertical line is tµ = 510 ns from Chapter 6.
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dependent on s and the grid wire radius r = 10 µm. This field leakage can cause

Stark shifts in microwave experiments and decrease the 2S lifetime through Stark

mixing with the 2P state and is not desired but is sometimes unavoidable.

3.9 Microwave Transitions & Line Shapes
Microwave radiation is applied to drive long lived 2S atoms to the short lived 2P

state in order to measure the line shape of the ν2 transition. This causes the late

annihilation of the 2S to shift earlier, producing a positive Sγ when the 2S sig-

nal without microwaves applied is used as a background. The 2S and microwave

signals can be seen in Figure 3.25. This work targets the ν2 transition, and so

upon application of the microwave radiation at ∼8.6 GHz the process is as follows:

2 3S1
stimulated emission−−−−−−−−−−−→ 2 3P2

fluoresence−−−−−−−→
τmean=3.2ns

1 3S1
self−annihilation−−−−−−−−−→

τmean=142ns
3γ . On resonance the

transfer to the 2P state will be the most efficient with detuned frequencies having

400 200 0 200 400
 (MHz)

0

2

4

6

8

10

S
 (a

rb
. u

ni
ts

)

Lorentzian:
R = 8624.78 ± 1.22 MHz
 = 59.1 ± 3.5 MHz

Asymmetric Lorentzian:
R = 8624.76 ± 1.23 MHz

qL = 1.087 ± 4.172 MHz 1

Data

Theory: 8625.84 ± 0.17 MHz

Figure 3.28: An example of a line shape measured during the work presented in Chap-
ter 6 for Lx = 21 cm, Pinput = 94 mW, and θH = 0◦. The data are fitted using
Lorentzian (solid red) and asymmetric Lorentzian (blue dashed) functions,
with corresponding fit parameters shown in the legend. The solid vertical line
at ∆ν = 0 corresponds to the Zeeman shifted theoretical transition frequency
8625.84 MHz. The data were recorded in a magnetic field of ≈ 32 G. From
Reference [243].
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lower efficiency and so lower Sγ . By measuring Sγ across a range of microwave fre-

quencies a line shape can be generated, an example of this is shown in Figure 3.28.

For more information on how line shape data is processed see Appendix A.

Microwave radiation was generated by a Keysight N5173B signal generator.

This generator has a range of 10 MHz to 40 GHz with a sub-Hz precision and

bandwidth, making it highly suitable for precision spectroscopy. The radiation was

transmitted via coaxial SMA cables. The radiation was applied to the Ps using

either an external horn antenna or an in-vacuum waveguide, see Figure 3.29 for a

schematic of the microwave circuit in both these instances.

All microwave components (generator, cables, vacuum feedthroughs and am-

Vacuum

AL7
Microwave
Amplifier

SMA
Cable

Keysight N5173B 
Signal Generator

(a)

WR-102
Horn

Antenna

SMA
Cable

SMA Vacuum
Feedthrough

Keysight N5173B 
Signal Generator

WR-112
Waveguide

SMA
Cable

(b)

SMA Vacuum
Feedthrough

SMA
Cable

-x antenna

+x antennaKeysight U8487A 
Power Sensor

SMA
Cable

SMA
Cable

Figure 3.29: A schematic of (a) the microwave circuit used with the horn antenna in Chap-
ter 6, and (b) the microwave circuit used with the horn antenna in Chapter 7.
The microwave generator in (b) could be connected to two different anten-
nas at either end of the waveguide using two different vacuum feedthroughs
by swapping the generator and power sensor at the connections shown by the
green dots. The green dots were also the points at which the vector network
analyser in Chapter 7 was connected. The red dots at the antennas show the
points up to where the microwave power was levelled as described in the text.
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Figure 3.30: The measured loss Lµ of the microwave circuit shown in Figure 3.29(b) for
the experiment in Chapter 7 (−x direction antenna). The central frequency is
the calculated zero-field ν2 = 8626.71 MHz transition frequency.

plifiers) have a frequency dependent power loss, or in the case of an amplifier, gain.

To ensure that the power into the antennas, Pinput, was constant a correction was ap-

plied to the output power of the generator Poutput as a function of frequency. The cor-

rection was unique to all experiments and was determined by attaching a Keysight

U8487A power sensor and N1913A power meter to the last SMA connection before

the antennas (as shown by a red dot in Figure 3.29) and measuring the loss of the

components, Lµ(ν), to an accuracy of 0.01 dBm. Figure 3.30 shows an example of

the frequency dependence of Lµ as measured for the experiment in Chapter 7. To

obtain a constant microwave power into the antenna the correction was applied as

Pinput =Poutput(ν)+Lµ(ν) which reduced the power variation to < 0.02 dBm. How-

ever, the total uncertainty in Pinput was ±0.05 dBm due to changes in the impedance

of the system when the SMA cables were reconnected to the antenna which was

verified to cause power fluctuations of up to 0.05 dBm.

3.9.1 Horn Antenna

The horn antenna used (Pasternack PE9857/SF-15) consisted of a WR-102 waveg-

uide coupled to a horn of 15 dBi gain12. The emitted radiation was incident along

12This means that compared to an isotropic antenna which emits uniformly in all directions the
peak power in the direction of the horn was 15 dB larger.
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the −x direction with a 3 dBm angular spread of 29.6◦13. The gain of the horn an-

tenna is frequency dependent and not accounted for in these measurements due to

the high degree of reflection effects, which will be discussed further in Section 6.2.2.

Within a distance of dFF = 26 cm from the exit of the horn antenna the mi-

crowave radiation was in the near-field regime. This means that the electric and

magnetic field components of the microwaves (E⃗ and H⃗) are not in phase and may

not be orthogonal to the direction of motion, resulting in unpredictable polarisa-

tion. After dFF the radiation was in the far-field regime where the electric and

magnetic components are in phase, orthogonal to the direction of propagation, and

the wavefronts are planar. The boundary distance of the far-field for a horn antenna

is obtained by dFF = 2D2/λ (e.g. [264]) where D = 6.86 cm is the largest dimen-

sion of the horn and λ = c/ν where ν = 8626.71 MHz. The far-field regime is the

desired regime for excitation because is has reliable polarisation and direction of

propagation.

Experiments using the horn antenna required the rf output of the microwave

generator to be pulsed to prevent extreme Stark shifts in the LER from the laser

excitation field. The radiation had a turn on time of <10 ns, within which the path

length for an average Ps atom travelling at ∼ 100 km/s is <1 mm. Because ΩR was

on the order of 2 MHz or less in these experiments the transfer of Ps between the

2S and 2P states will happen on a much longer time scale than the switch on time,

resulting in any effects associated with the switch on time being negligible to the

microwave transition signal.

To increase the power into the horn antenna a low-noise amplifier was used,

connected as shown in Figure 3.29(a). This amplifies the power without affecting

the frequency. The amplifier used was a Microwave Amps AL7-8.4-8.8-20-30 with

a gain of 21 dBm in the frequency range 8.4 - 8.8 GHz, gradually decreasing outside

this range which was compensated for by the power correction Lµ(ν).

13The 3 dBm angular spread represents the cone which contains 50% of the rf power.
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3.9.2 Waveguide

The waveguide used in this work was a custom built WR-112 rectangular waveg-

uide (12.62× 28.50 mm)14 made of Al, with open ends and 40× 28.50 mm W

meshes in the centre to allow passage of the positrons and Ps through the waveg-

uide [129], see Chapter 7 for a diagram. Inside the waveguide only the TE10 mode

was propagated [226] with all the radiation polarised in the z-axis which was paral-

lel to the magnetic field and therefore drove ∆MJ = 0 transitions. The microwaves

were applied as continuous wave (CW) radiation because the amplitude of the mi-

crowave fields outside the waveguide were an order of magnitude lower than inside

the waveguide, meaning transitions within the LER during HV switching were not

significant, see Section 7.2.2. This also meant that an amplifier was not needed be-

cause the power supplied from the generator confined in the waveguide provided a

field strength high enough to saturate the transition.

To get the radiation into vacuum 40 GHz vacuum SMA feedthroughs were

used along with vacuum suitable SMA cables, see Figure 3.29(b) for a diagram of

the microwave circuit. Microwave radiation was delivered into the waveguide by

gold-plated stub antenna at either end of the guide. The antenna were λ/4 long and

λ/4 in from the end of the waveguide to produce the optimal standing wave pattern,

where λ = 34.75 mm is the wavelength of the zero-field ν2 transition. The antenna

were designated the +x and −x antenna in reference to the direction of microwave

propagation experienced by the Ps atoms. One antenna at a time was used, and to

change the direction of propagation the SMA cable from the microwave generator

was attached to the appropriate vacuum feedthrough and the other antenna grounded

with the 50 Ω load of a Keysight U8487A power sensor used to monitor the power.

Waveguides have an intrinsic difference in the relationship between electric

field strength and power compared to free space radiation which is frequency de-

pendent. The correction Cpower is defined by [134],

E2
z ∝ C =

Pinput√
1−ν2

c /ν2
, (3.5)

14This size of waveguide is also called a WG-15 or an R-84.



3.10. Rydberg Production 99

400 200 0 200 400
∆ν (MHz)

0.98

1.00

1.02
C
p
ow
er

Cpower(∆ν)

Cpower(∆νexp. )

Figure 3.31: The power correction Cpower as a function of frequency (line) and at the exper-
imental frequencies (points) for a WR-112 waveguide as calculated by Equa-
tion 3.6.

and

Cpower =
C(ν)

C(νcalc.
2 )

, (3.6)

where νc = 5.26 GHz is the cutoff frequency for the WR-112 waveguide15. See

Figure 3.31 for the correction as a function of ν which demonstrates the correction is

at most ±3%, where the typical measured error on a point is > 15%. This correction

was applied to the measured data in the form Scorr
γ = SγCpower. The change to νR

of a Lorentzian fit on one line shape (the same one as in Figure A.2) was 120 kHz

which is an order of magnitude smaller than the typical > 1 MHz error on these line

shapes. This is because the waveguide used was optimal within the experimental

frequency range and any effect from this is below the sensitivity of the statistics in

this experiment.

3.10 Rydberg Production
Excitation of Rydberg states was performed by a two-photon, two-colour process.

The UV laser excites the 2 3PJ state and an IR laser pulse is applied concurrently

with the UV pulse so that the short lived 2P atoms are driven to the Rydberg state

before they fluoresce back to the ground state. To give the full process: 1 3S1 →

15The cutoff frequency is the lowest frequency that can propagate within the spatial constraints of
the waveguide.
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2 3PJ → n 3S/DJ . The target Rydberg state for this work was n = 23 which required

λIR = 733.9 nm. Figure 3.25 shows an example of a background subtracted signal of

an n = 23 Rydberg state. It is similar in structure to a 2S excitation, but extending

later due to its longer lifetime of τ > 50 µs (and a suitably long flight path with

minimal collisions).

It should be restated that, because of field mixing, the Rydberg atom is de-

scribed in the parabolic basis using quantum numbers |n,k,m⟩. The value of m is

set by the polarisation of the two lasers and the associated angular momentum trans-

fer from the photon. The UV laser was linearly polarised parallel to the field and

so does not contribute to the total m, but the IR laser was linearly polarised in the

y-axis, orthogonal to the electric and magnetic field, and therefore drives ∆m =+1

transitions. This results in the Rydberg atoms in this work having m = 1.

Which Stark states were excited depended on the electric field present in the

LER FTG, see Figure 3.14, and the wavelength of the laser. This is because in an

electric field the energy of the Stark states shifts according to Equation 2.30, with

LFS increasing in energy and HFS reducing in energy. At a fixed IR wavelength the

Stark states selected by the narrow bandwidth IR laser will be strongly dependent

on which states have been shifted into resonance with the laser by FTG.

As with all other laser processes in this work Rydberg excitation occurs in the

LER, between the electrodes ET and EG. For Rydberg production the electrodes

were set to VT = VG = −3.5 kV to create zero electric field within the LER to

minimise the Stark broadening and merging of separate n-states. This also keeps

the positron implantation energy at 3.5 keV. However, VT and VG had to be switched

off before the atoms passed out of the LER to prevent electric fields beyond EG

causing FI. This process induced a small field during Rydberg excitations due to the

different switching rates of the electrodes.

Stark broadening of low n transitions can be used to measure the electric field

in the LER. As an example of this method Figure 3.32 shows a line shape of the

transition n = 2 → 13, centred on λIR = 746.7 nm, taken during the work described

in Chapter 5 at a laser delay of tlsr = topt.
lsr + 20 ns. A small field was present dur-



3.10. Rydberg Production 101

ing the excitation causing the line to be broadened from the minimum width (set

by the Doppler and laser broadening) to σ = 93 ± 3 GHz. The excitation pro-

cess was modelled as described in Section 2.5 by calculating the energy of each

Stark state according to Equation 2.30, and their dipole transition strengths ac-

cording to Equation 2.32. The resultant state distribution, the green bars in Fig-

ure 3.32, was convolved with the dominant laser and Doppler broadening Gaus-

sians of 5 GHz and 50 GHz FWHM, respectively. This produces a model line shape

(the dashed blue curve, which is very similar to a Gaussian) which can be com-

pared to the experimental data, and if the value of FTG input into the calculation is

changed then the calculated line shape will change width accordingly. The electric

field required to match the broadening of the calculation to that of experiment was

FTG = 340±10 V/cm. The upper limit on FTG is the FI threshold, which if exceeded

creates a photoionisation-like signal and produces no Rydberg atoms.
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Figure 3.32: Line shape of the 2 3PJ → 13 3S/DJ transition by IR laser as described in the
text. The points are experimental data and the solid line is a Gaussian fit to
extract the Stark broadened width of 93± 3 GHz. The dashed line shows a
model fitted by the methods described in Section 2.5 matched to the experi-
mental width, this model is a Gaussian convoluted with the Stark shifts of the
Stark states. The shaded bars represent the relative spectral transition strength
of the individual Stark states and their energy. The background of this signal
was the ground state atoms with UV laser present.
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The velocity distribution of the Ps upon the application of the IR laser will

be the same as the 2S atoms if certain conditions are fulfilled. (1) The spot size

of the IR laser beam is larger than the UV beam to ensure that all 2P atoms pro-

duced by the UV laser are excited to Rydberg states (see Section 3.5). This was

indeed the case and means there were no additional selection effects on the vy and

vz distributions. (2) The Stark broadening is sufficient to split the Stark states to the

50 GHz Doppler bandwidth, which will bring them back into resonance with the

narrow 5 GHz bandwidth of the IR laser. This was again the case, and for n = 23

the Stark manifold is broadened to 50 GHz in < 40 V/cm, which will mean the vx

distribution remained unchanged. (3) The electric field gradient is small enough

that the electric dipole moment given in Equation 2.33, which can result in velocity

changes of the Rydberg atoms according to the acceleration a⃗ = µelecF⃗/mPs, causes

no velocity change. The Rydberg atoms in this work were only exposed to low elec-

tric fields for short periods of time (< 50 ns) upon production, therefore this effect

is not significant.



Chapter 4

Simulation Methods

Simulations are a key part of understanding experimental results and this work con-

tains three primary forms of simulation: (1) Monte Carlo simulations of Ps tra-

jectories provide knowledge of where and when Ps quenching and annihilation is

taking place; (2) finite integration techniques are used to calculate 3-D maps of

the microwave field strength in order to understand the distribution of radiation in

experiments; and lastly (3) a Lindblad master equation solver is used to solve the

coupled rate equations which describe the rate of change in the density matrix of

Ps atoms in microwave fields to determine how the microwave field distribution can

effect line shape measurements.

4.1 Monte Carlo Atomic Distributions
To simulate a Ps atom we need to know its initial conditions: t0, x0, y0, z0, and v⃗ =

(vx,vy,vz). The probability density function of these properties has been measured

in experiment and these distributions can be randomly sampled in a Monte Carlo

algorithm to generate the initial conditions of one atom. Sampling multiple atoms

from these distributions gives an indication of the behaviour of the Ps ensemble in

experiment.

t0, x0 and y0 were sampled from a Gaussian distribution defined by the mea-

sured FWHM values of ∆t = 3 ns and ∆r = 3 mm obtained from MCP measure-

ments of the positron beam, as described in Section 3.1.3. The positron beam spot

was treated as being radially symmetric, hence r =
√

x2 + y2. z0 = 0 mm by defi-



4.1. Monte Carlo Atomic Distributions 104

nition because the coordinate frame is defined with the origin on the surface of the

conversion target, at its centre.

Figure 4.1 shows the simulated velocity distribution of the atoms in all three

axes post laser excitation (solid black). The vx distribution is defined by Doppler

selection of the ground state atoms from the 100 GHz FWHM of the UV laser

pulse. This bandwidth at λ = 243 nm produces an average vrms
x = 15 km/s which

is much slower than the velocity in the other axes allowing us to exploit the smaller

divergence and lower Doppler broadening of the atoms in the x-axis.

The vy distribution is unaffected by the laser (except from any correlation with

the selected parts of vx and vz) and is therefore the natural emission profile of the

silica target. This was measured during each experiment for vx using Doppler pro-

files, see Figure 3.22 for an example. The emission in the x- and y-axis is expected

to be symmetric due to the random distribution of pores in the silica target, thus the

measurement in x can be applied to y. Typically vrms
y ≈ 80 km/s though this can vary

slightly in each experiment due to small variation in the laser position and delay, or

deliberate changes of the laser delay to select colder Ps.

vz was extracted from time-of-flight (ToF) data of n = 19 Rydberg Ps travelling

125 mm through a multi-ring electrostatic Rydberg guide [229] for the same silica

target, implantation energy and similar excitation parameters as used in this work1.

The ToF data was converted to a velocity distribution from the known distance

travelled and a skew-normal function was fitted to characterise it. This function is

arbitrary and not based on a physical model, but provides a good fit to the data,

see Figure 4.2 which shows the skew-Gaussian fitted to two measured ToF profiles

in units of km/s. The distribution was measured for different values of tlsr due to

the limited temporal overlap of the laser pulse and the Ps ensemble changing the vz

velocity selection. Figure 4.2 shows ToF data at tlsr = topt.
lsr and tlsr = topt.

lsr + 20 ns

with the average velocity changing by 7.9 km/s. Randomly sampling the fitted

1An electrostatic Rydberg guide uses the large dipole moment µelec of Rydberg atoms to confine
low field seeking (LFS) states in a region of low electric field surrounded by high electric fields,
whereby the LFS are accelerated back into the central low field region if they stray into the high
field region with a force F⃗ proportional to the field gradient ∇F⃗ , F⃗ = µelec∇F⃗ . This enables the
transport of the atoms long distances without collisional losses on surfaces, which can result from
the large divergence of Ps made in SiO2 production targets. [90]
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Figure 4.1: The velocity distribution for each axis of motion of the laser excited Ps. (a) The
spread in x based on the Doppler selection of the 100 GHz Gaussian bandwidth
of the UV laser. (b) The distribution in the y-axis, determined by the Gaussian
width of the measured Doppler profile (solid black). The red dashed line shows
the effect of collimation from EG, the bump to the left is due to some fast atoms
escaping underneath the electrode. (c) The distribution of vz extracted from
previous data at tlsr = topt.+20 ns as discussed in the text, with the red dashed
line showing the slight reduction in slow atoms from collimation.

skew-normal function provided the vz distribution with a typical average velocity of

vrms
z ≈ 94 km/s for tlsr = topt.

lsr .

Each initial condition discussed here was assigned randomly to an atom. This

was done because there is no known relationship for the correlation of the velocity

components or the total energy, of either ground state or excited state Ps, emitted

from mesoporous silica. The random assignment gives a total excited state average
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Figure 4.2: ToF measurements of vz from Reference [229]. Red circles show the ex-
perimental data for tlsr = topt. and the blue squares show the data for tlsr =
topt.+ 20 ns. The solid lines show the corresponding skew-normal fits to the
data with the average velocity of the later laser slower by almost 10 km/s.

kinetic energy of 132 meV (for a vy Doppler width of σ = 366 GHz and tlsr = topt.
lsr )

which is consistent with previous estimates based on extrapolation of the energy in

a single direction to all three degrees of freedom [15].

The vz distributions measured in Reference [229] may be slightly different to

the ones in this work because of the nature of the electrostatic Rydberg guide, this

is primarily due to two reasons. (1) The exact phase acceptance of the guide was

unknown. The most divergent trajectories had the lowest acceptance into the guide,

partly due to collimation on the electrodes, but primarily due to the inability of the

fields to capture them [229]. (2) Spectral selection of vx by the IR laser may be

increased if the field during excitation was not large enough to Stark broaden the

line shape to the point that fast atoms were Doppler shifted back into resonance with

the laser. Either of these effects may change the vz distribution due to unknown

correlation between vz and vr. But these effects are expected to be small as grid

collimation in this experiment will also remove extremely divergent trajectories,

though to a lesser extent than in the ring guide. The electric field required to Stark

broaden Rydberg transitions is typically less than 100 V/cm which is a reasonable
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field in the excitation region during the ring-guide experiment due to the lack of a

grid to provide uniform fields. In addition to this the velocity range of the ToF data

is comparable to the expected velocity distribution based on the laser timing and

position.2

When the Ps excited by the laser flies through the 16 mm diameter grid in

EG, the atoms are collimated, with a significant fraction annihilating on the surface

of the electrode. This is shown in Figure 3.14 where the spatial distribution of

the Ps is narrowed by the electrode, and the velocity distributions are subject to a

similar effect. In order to simulate this effect the initial velocity distribution v⃗ was

propagated from t = 0 ns using the trajectory methods described in Section 4.2,

removing any atoms that collided with EG at a distance dTG = 11.5 mm in order

to evaluate the velocity distribution after collimation losses v⃗′. The collimated v′x

distribution is not significantly affected because it is already narrowed by Doppler

selection and passes through EG with minimal losses. However, the v′y distribution

was appreciably narrowed compared to its pre-collimated state, as shown in red

on Figure 4.1(b). Some atoms could escape underneath the electrode, hence the

asymmetry of the collimated distribution, but are not seen in experiment due to

being far from the detectors or not subject to applied electric and microwave fields.

This process also increases v′rms
z because slower vz atoms are the ones that collide

with the electrode before passing through.

The atoms of interest in this work are the collimated atoms, but all simulations

were started with the initial excited state distribution v⃗ to ensure that collimation

was fully accounted for in the unique electrode and chamber geometry of each ex-

periment. If the positron beam was not exactly centred in the middle of EG it would

change the collimation of the atoms, preferentially selecting Ps moving is a certain

direction. Using the same methods mentioned in the previous paragraph atoms were

propagated through a physical structure with a vertical offset to their starting posi-

tion of ∆y0 =−3.5 mm, which is estimated to be the maximum possible offset due

2Within the guide there may also be effects from dynamic fields causing Stark accelera-
tion/deceleration [146]. However, the dynamic fields involved were small enough to only cause
minor shifts in the distribution which can be discounted.
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to the finite size of the silica target and positron beam. The change in the collimated

distribution was found to be negligible, with v′rms
y only varying by 1 km/s.

4.1.1 Alignment Induced Doppler Effects

In this work we require knowledge of the angle dependent velocity selection of the

laser to quantify the maximum possible Doppler shifts of the ν2 transition mea-

surements in Chapters 6 & 7. Although retro-reflection will negate UV wavelength

drift and recoil Doppler effects, any misalignment of the UV laser relative to the

conversion target, and therefore the Ps reference frame, can cause the vx velocity

distribution to be asymmetric as seen by the microwave radiation (from either a

horn antenna or a waveguide). To simulate this a ground state atom population was

generated with a vx and vy distribution set by the width of the measured Doppler

profiles ∆λ = 0.078±0.001 nm in Chapter 7, and vz was defined by a skew Gaus-

sian distribution extracted from a fit to the entire ToF data set to account for the

fastest and slowest atoms in the ground state [229].

If the laser is aligned perfectly parallel to the target in the x direction then the

Doppler selected vx profile will be symmetric and if the microwaves are also aligned

perfectly to the x direction then this will only result in a Doppler broadening of the

microwave transition, with no Doppler shift. In these simulations we consider what

happens when the laser was rotated compared to the Ps reference frame as set by

the orientation of the target electrode ET.

To do this a 3-D rotation matrix was applied to the ground-state velocity dis-

tribution about the y-axis3 to transform it into a laser coordinate frame where the

laser was rotated from the Ps reference frame by an estimated maximum value of

∆θlsr =±3◦. This transformation was of the form,

v⃗′ =


cosθlsr 0 sinθlsr

0 1 0

−sin(θlsr) 0 cos(θlsr)

 v⃗. (4.1)

3Any vertical misalignment about the z-axis should keep vx symmetric because vy is also sym-
metric, causing only additional broadening.
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Figure 4.3: A calculation of the Doppler shift versus misalignment angle of the laser to the
Ps as described in the text. The dashed red line shows a linear fit to the data for
a shift of 43.75±0.04 kHz/degree.

Laser selection with an exaggerated 150 GHz bandwidth (to replicate a worst case

scenario) was then applied to the transformed v′x distribution. The Doppler selected

v′ distribution was then transformed to the microwave coordinate frame, which was

also estimated to vary by ∆θµ = ±3◦ maximum, using the same transformation

matrix. This final v′′x distribution was used to calculate the average Doppler shift

from any resultant asymmetry. The results of this angular shift (displayed as the

total angular misalignment ∆θtot. = ∆θlsr +∆θµ ) are shown in Figure 4.3 where at

a worst case scenario of θtot. = 6◦ the shift is ∼0.26 MHz for the ν2 transition.

4.2 Trajectory Simulations
The initial distribution of atoms is propagated through space by the simple rela-

tion r⃗ = v⃗t, because the atoms feel no accelerating forces due to their low dipole

moment and zero charge so the velocities remain constant4. During propagation

atoms were considered to have annihilated by several mechanisms which differed

according to the requirements of the simulation. These mechanisms were: collision,

self-annihilation and microwave transition. Fluorescence was not required as only

the 2 3S1 state was considered in these simulations with no electric field present,

4All trajectory and Monte Carlo simulations were performed using Python 3 [257].



4.2. Trajectory Simulations 110

therefore Stark mixing with the 2 3PJ state was not included.

Self-annihilation was taken into account by defining a lifetime for the atom,

randomly sampled from an exponential distribution with a decay time of τSA, de-

fined as the Zeeman mixed value of τ2S calculated using Equation 2.19 in Sec-

tion 2.3.

A geometrical structure of the electrodes and vacuum chamber was defined

using a full computer-aided design (CAD) model of the experimental set up and

the SIMION package (see next section). If an atom occupied the same space as

an electrode or the chamber wall it was deemed to have annihilated through pick-

off annihilation. Specular reflection of Ps from insulating materials has been ob-

served [268], but this is considered negligible for this case as most surfaces are

metal. This method of loss is responsible for the collimation and velocity selection

undergone by the Ps atoms from collisions with the grid electrode, EG, as described

above. The ∼5% loss from passage through tungsten grids was ignored as this

results in uniform losses across the whole atomic distribution.

Microwave transitions were deemed to happen instantaneously as if in a

strongly saturating microwave field. This was done to extract positional informa-

tion of the atoms upon rf application. The location of the subsequent annihilation

will depend on the intensity of the microwave field, the intensity distribution of mi-

crowaves in the chamber, the 142 ns ground state lifetime, and the atomic velocity.

The simulations were given finite spatial and temporal bounds to improve the

speed of computation. Any atom that passed outside the bounds were ignored.

Atoms outside the spatial bound were considered too far from the detectors to be

measured and anything after the temporal bound (tend = 3000 ns) was too late to

be within the SSPALS integration window. The ground state atoms that were not

excited by the laser were disregarded as they constitute a constant background.

4.2.1 Electric Field Simulations (SIMION)

To calculate the electric field strength within the experimental volume the software

SIMION 8.1 [2] was used. SIMION takes a 3-D structure made using a CAD mod-

elling software, with each electrode defined as a unique object. The software defines
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a finite volume of finite elements from this geometry with a user defined resolu-

tion of 1 mm3, which is limited by computational resources. The software solves

Laplace’s equation (⃗∇ · E⃗ = 0) at each point in the 3-D volume to extract the electric

field E⃗, treating the electrodes as the boundary conditions. The voltage applied to

each electrode can be chosen to extract the field for any combination of voltages

on the electrodes. The CAD structure can be exported from SIMION and allows

us to include complex chamber geometries in trajectory simulations to account for

collision losses.

4.3 Microwave Field Simulations (CST Studio)

The CST Studio Suite software package simulates high frequency electromagnetic

fields within a finite volume using a time domain solver [1]. This solver utilises fi-

nite integration technique (FIT) methods to discretise the integral form of Maxwell’s

equation to obtain Maxwell’s grid equations (MGE) [171, 269, 270]. The MGE are

then solved, and propagated in the time domain using a leap frog algorithm.

The grid that the MGE are applied to is a finite element mesh built around

a realistic model of the experimental setup created in a separate CAD software.

This model included representations of the vacuum chamber, vacuum windows and

electrodes and was imported into CST with each material assigned properties based

on the CST materials library. Close to the model the mesh was allowed to conform

to surfaces with the smallest mesh cell being 0.1 mm3. Far from the model the mesh

was defined to have fifteen cells within the smallest simulated wavelength (∼3 cm)

to ensure suitable sampling of the waveform. The resolution of the simulation was

set as high as computational resources would allow, but no significant change in the

results was observed for lower resolution meshes (down to ten cells per wavelength)

because the wavelength was always suitable sampled.

In the simulation microwave radiation was propagated from a source over a fi-

nite frequency range, in this case the operational frequency range of the waveguide

involved (7 - 11 GHz for the WR-102, and 7.05 - 10 GHz for the WR-112). Full

3-D maps of different properties of the microwave field can be extracted from simu-
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lations at discrete user-defined frequencies i.e. electric field vectors, magnetic field

vectors, Poynting vectors etc. The first of these used in this work is the far-field

data which provides the directional gain of the antenna, G. G describes the increase

in directional power compared to an isotropic antenna (i.e. an antenna which has

uniform emission across a full 4π solid angle). G is in units of dBi where G > 0 dBi

is an increase in the power in that direction compared to an isotropic antenna, and

G < 0 dBi is a decrease.

Figure 4.4 shows a polar far-field plot of the radiation pattern from the WR-

102 horn antenna used in Chapter 6 pointed along the −x axis in free space at

a frequency of ν = 8624.38 MHz. The graph shows a 2-D slice in the xz-plane

where θ = 0◦ is the −x direction and θ = 90◦ is the +z direction. The increase in

forward directed radiation and decrease in backward directed radiation is clear, with

a simulated maximum gain of Gmax = 15.3 dBi at θ = 0◦ and an angular spread of

50% power within a 31.7◦ arc. This is in reasonable agreement with specs of the

antenna as given by the manufacturer, which are 15 dBi and 29.6◦. The value of

Gmax can be extracted as a function of frequency and used to evaluate the frequency

dependent gain of the horn antenna with and without the experimental setup present.

The second property of the simulation that is extracted is the electric field. This

returns the real and imaginary components in the x, y and z axis of the amplitude

of the microwave electric field in its steady state (i.e. for continuous microwave

radiation). These can be used to determine the microwave field experienced by an

atom as a function of time by propagating a simulated atomic distribution through

the 3-D field map and extracting the field it experiences in discrete time steps. It can

also be used to extract the polarisation of the radiation. The polarisation in this work

should be parallel to the magnetic field (i.e. in the z- axis) due to the orientation of

the horn antenna and waveguide used in this work. The fractional polarisation is

calculated from the absolute microwave field strengths as,

Pz =
Ez√

E2
x +E2

y +E2
z

. (4.2)
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Figure 4.4: A simulation of the gain G (displayed on the radial axis as a solid blue line)
of the Pasternack WR-102 horn antenna in the xz-plane as a function of angle
θ = sin−1 (z/x). The maximum gain Gmax = 15.3 dBi is at θ = 0◦ which is
the direction in which the horn is pointed. Relating this to the experiment the
x and z directions are indicated by the labels on the graph where 0◦ is the −x
direction and 90◦ is the +z direction.

Pz polarised radiation will drive transition of ∆MJ = 0, while radiation polarised in

the x- and y-axes will drive transitions of ∆MJ =±1.

These simulations have limitations in their accuracy due to their ability to pre-

cisely replicate the exact details of the experimental chamber and setup (e.g. welded

seams, smaller components, surface imperfections etc.) and the finite element size.

Any field maps and far-field results should therefore not be regarded as an exact

calculation of the microwave field, but as a representation of the effects present and

their magnitude.
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4.4 Line shape Simulations

Although the CST simulations cannot be taken as a 100% accurate representation

of experiments, the generated electric field maps can be used to perform line shape

simulations which provide insight into the effects of the microwave field distribu-

tions. Full quantum dynamic calculations of this system have been performed in-

cluding all 16 n= 2 sub-states, all 4 n= 1 sub-states and several vacuum states [15].

The results of these calculations were found to be similar to those of a simplified

model using only states directly involved in the interaction [132]. The simplified

model uses the open-source QuTip Python package [156, 157] to solve for the den-

sity matrix of the system ρ as a function of time t using the Lindblad Master Equa-

tion (ME) [121, 178],

h̄
∂ρ

∂ t
=−i[H(t),ρ]+ ...+∑

k
Γk

(
LkρL†

k −
L†

kLkρ

2
−

ρL†
kLk

2

)
, (4.3)

where H(t) is a time dependent Hamiltonian and Lk are collapse operators that

account for dissipation and decoherence5. The system solved for is a four-state

system where an atom is subject to time dependent microwave fields due to its

movement through the steady-state microwave field (as simulated in CST).

To obtain the time dependent microwave field strengths a distribution of atoms

as described in Section 6.2.1 was propagated through the steady-state simulated

microwave field at a fixed time step of dt = 1 ns. This time step corresponds to

<0.1 mm path length for the average atom. Figure 6.6 shows the structure in the mi-

crowave field is on a larger scale than this, therefore this time step ensured sampling

of all microwave field spatial structure. Only collisions with surfaces were consid-

ered as a method of annihilation in the trajectory simulations. Self-annihilation and

microwave transitions being accounted for in the QuTip simulations.

The electric field experienced by each atom along its trajectory was recorded

as a function of its position, which was converted to a time dependent field, E0(t),

based on the atomic velocity. This was used as an input for the ME solver. Fig-

5See Reference [185] for an example of this approach.
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Figure 4.5: (a) The time dependent field felt by a single Ps atom travelling along the z-axis
at a velocity of 90 km/s. (b) The state population transfer undergone by the
atom represented in (a) at an applied frequency of 8624.38 MHz for a reso-
nance of 8625.84 MHz.

ure 4.5(a) shows an example of the time dependent field felt by a single Ps atom

travelling along the z-axis at a velocity of 90 km/s, with microwave radiation at

8624.38 MHz applied by a horn antenna, pulsed on at 510 ns as in Chapter 6.

These data are discrete due to the nature of the CST simulations. To verify that

the discrete nature of the data does not affect the results of the ME solver the time

dependent field data was smoothed and interpolated with no change seen in the

resultant density matrix.

Within the solver four states were considered: (1) the initial 2 3S1(MJ = 0)

state; (2) the 2 3P2(MJ = 0) state to which the microwave transition was driven;

(3) the 1 3S1(MJ = 0) ground state to which the 2 3P2(MJ = 0) state decayed; and

(4) a vacuum state for self-annihilations of the 2 3S1(MJ = 0) state to decay to. To
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simplify the model only one transition was considered between the available sub-

states with no major differences in the possible transitions expected except a slight

change in transition strength and Zeeman shift. Neighbouring 2 3PJ states were

not considered as effects from QI have been shown to be too small to measure in

these experiments, with an expected magnitude of < 200 kHz shifts to Lorentzian

fits [15].

The Hamiltonian of the system with the states in the order listed above, in units

of angular frequency, is

Ĥ =


0 −0.5E0(t)I R/h̄ 0 0

−0.5E0(t)I R/h̄ ωµ −ωZeeman 0 0

0 0 ωµ −100000 0

0 0 0 ωµ −100001

 ,
(4.4)

where ωZeeman is the Zeeman shifted frequency of the 2 3S1(MJ = 0)→ 2 3P2(MJ =

0) transition, ωµ = 2πνµ is the applied microwave frequency, I =
√

2/3 is the an-

gular component of the dipole coupling between the 2 3S1(MJ = 0) and 2 3P2(MJ =

0) states, R = ⟨2P|er|2S⟩ ≈ 5.196aPs is the radial integral between the 2 3S1 and

2 3P2 state, and E0(t) is the time dependent microwave field amplitude as extracted

from the trajectory and CST simulations6. The diagonal elements of the matrix rep-

resent the energy separation of the states relative to the frequency of the microwave

radiation, with the 2 3S1(MJ = 0) defined as zero-energy. The off diagonal ele-

ments are equivalent to the Rabi frequency of the 2 3S1(MJ = 0)→ 2 3P2(MJ = 0)

transition, representing the interaction of the microwave field with the atom as a

function of E0(t). The separation of the n = 2 states from the ground and vacuum

state is an arbitrary energy designed to limit coupling effects but enabling efficient

computation of the system, the real value being on the order of PHz.

The self-annihilation decay of the 2 3P2(MJ = 0) state, and the fluorescence

6Room temperature black-body radiation at 8.6 GHz is disregarded, being many orders of mag-
nitude less intense than the applied radiation.
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decay of the 2 3P2(MJ = 0) state are given as collapse operators in the form of
√

τ ,

Lk =


0 0 0 0

0 0 0 0√
τSA(B) 0 0 0

0
√

τ2P 0 0

 . (4.5)

where τSA(B) is the Zeeman mixed 2 3S′
1 self-annihilation lifetime. The fluores-

cence decay of the 2P population was considered only by the ∆MJ = 0 channel

because the decay rate to the ground state was uniform for all simulated param-

eters and was sufficiently rapid (as shown in Figure 4.5(b)) for the ∆MJ = ±1

channels to be neglected. The decay of the ground state to the vacuum state

was not considered as we are only interested in atoms that annihilate via the

2 3S1(MJ = 0)→ 2 3P2(MJ = 0)→ 1 3S1(MJ = 0)→ 3γ decay path, for which the

ground state population in this simulation is a suitable proxy.

With these inputs the ME solver returns the state population as a function of

time, see Figure 4.5(b) for an example. The value of E0(t) along the atom trajec-

tory varies by an order of magnitude which has some visible effect on the 2S state

population. The transfer to the 2P state upon application of microwaves is not vis-

ible in this graph due to the rapid decay rate to the ground state, but in a 30 V/m

field has a Rabi frequency of 1.9 MHz which is consistent with conditions found in

the experiments. The ground state population does not decrease as the decay to the

vacuum state is not considered here.

To generate a line shape the ME solver was run for the E0(t) of five hundred

atom trajectories in order to sample multiple paths through the rf field. The same

five hundred atoms were run through the solver for a set of frequencies chosen to

be the same as the ones in the experiment being replicated. The metric used as an

analogue for the experimental Sγ parameter was the summation of the ground state

population across all five hundred atoms at t = 2000 ns at each unique frequency.

This time was chosen because the 2S → 2P transfer rate should be negligible by this

time, this is shown in experiment by the lack of change in background subtracted
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signal in Figure 3.25 which is usually outside the SSPALS integration bounds, and

in simulation from the minimal change in the state population by the cutoff of Fig-

ure 4.5(b). The population sampling time used was verified to have no appreciable

effect on the line shape produced.

The QuTip simulation includes natural, transit-time and power broadening,

with Doppler broadening small enough to ignore in these transitions. The natural

and transit-time broadening will come from the collapse operator and the trajectory

sims, respectively. But because the simulated E0 values are not directly comparable

to experiment, due to the arbitrary input power of CST, the simulated field has to be

corrected by a constant scaling factor. The scaling factor is chosen so that the sim-

ulated line width matches the measured line width, and therefore power broadening

of the experimental data. To obtain this factor line shapes are simulated for a range

of powers which produce power broadening on the same order as experiment. A

fit of Equation 2.24 is then made and the power required to match the experimental

line width extracted. The data in Figure 4.5 were power matched this way with the

resulting values being comparable to expected experimental parameters.



Chapter 5

Measurement of the Positronium

2 3S1 Annihilation Decay Rate

This chapter presents work found in:

Measurement of the annihilation decay rate of 2 3S1 positronium. R. E.

Sheldon, T. J. Babij, B. A. Devlin-Hill, L. Gurung and D. B. Cassidy, EPL,

132, 13001 (2020) DOI:10.1209/0295-5075/132/13001

Historically there has been a large difference (> 4σ ) between the measured

value of the o-Ps decay rate Γo−Ps and the calculated value due to systematic effects

in some measurements that have since been largely resolved [34]. Measuring the ex-

cited state decay rates, which are calculated by Γn = Γo−Ps/n3 as per Equation 2.7b

for triplet states, can provide a comparison to the ground state measurements. This

chapter presents the first measurement of an excited state annihilation decay rate of

Ps.

The methodology of this experiment involved measuring the number of 2 3S1

atoms in free space as a function of time. This was done by applying an electric

field at 75 ns time intervals to quench the atoms, mixing them with the 2 3PJ state.

When the quenching field was applied the following process happened: 2 3S1 →

2 3S′
1 → 1 3S1 → 3γ causing the atoms to annihilate, and a corresponding increase

in the measured gamma-ray signal which was proportional to the number of 2 3S1

atoms remaining at that time. Any additional loss mechanisms beyond the self
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annihilation of the 2 3S1 atoms was compensated for using long-lived Rydberg states

which have negligible decay of their own due to their tens of microsecond long

fluorescence lifetime (and no self-annihilation losses). The Rydberg population

was measured as a function of time and any losses were attributed to additional loss

mechanisms such as collisions with surfaces and solid angle effects of the detector.

The lost fraction of Rydberg atoms can then be used to correct the measured 2 3S1

population for additional losses. An exponential function was fitted to the measured

2 3S1 population vs time (as corrected by the Rydberg measurements) and a decay

rate extracted.

5.1 Apparatus & Method

The positron beamline was as discussed in Section 3.1 with the positron pulse hav-

ing a spot size of 2 mm, and a duration of 3 ns FWHM. The positrons were im-

planted into a mesoporous silica conversion target as discussed in Section 3.4, bi-

ased to VT = −3.5 kV. A grid electrode EG was dT G = 11.5 mm away from ET,

see Figure 5.1. The electrode was held at VG = −400 V for 2S production to

limit back-scattering of positrons that caused distortions to the SSPALS spectra,

see Section 3.4, as measured using the methods and detectors described in Sec-

tions 3.2, 3.3 & 3.6. Figure 5.1 shows a schematic of the experimental setup includ-

ing ET, EG, the detector, guiding coils etc.

2S production is explained in Section 3.8, whereby a single UV photon ex-

citation from the 1S state was performed in an electric field using the laser setup

described in Section 3.5 to excite a mixed state 2S’. This produced pure 2S atoms

once the electric field was adiabatically switched zero. The arrival time of the laser

pulse at the target was delayed from optimum 2S production by tlsr = topt.
lsr + 20 ns,

targeting a slower subset of the o-Ps distribution for an average velocity of v⃗rms =

(15,50,85) km/s (see Section 4.1 for a summary of velocity measurements). The

slower velocity distribution was chosen to limit the number of fast atoms that would

collide with the vacuum chamber and electrodes within experimental timescales,

though it also lowered the number of 2 3S1 atoms produced by ∼30%, see Fig-
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Figure 5.1: Schematic of the target chamber. (a) A view of the chamber in the xz-plane at
y = 0 mm showing the excitation region between Target (ET) and grid (EG);
and the quenching region between the two electrode plates E1 and E2. The
positrons (red arrow) are incident from the right and the Ps are emitted back
along the same axis (green shading). The lasers propagate in the x-axis and en-
ter the vacuum through UV transparent windows. The detector position shown
here is to scale, being roughly 34 cm from the centre of the chamber. (b) A
view of the chamber in the yz-plane at x = 0 mm, displaying the shape of the
electrodes. The MCP at the rear was used to image the positron beam. The
coils shown generate the magnetic field to guide the positron beam. Adapted
from Reference [242].

ure 3.19. Note that retro-reflection of the UV beam was not present in this ex-

periment requiring the daily measurement of a Doppler profile to confirm the on

resonance UV wavelength and prevent asymmetric Doppler selection of vx, see Sec-

tion 3.7.

The target and grid were switched to 0 V using the methods given in Sec-

tion 3.8.1 with an electric field of FT G ≈ 2.3 kV/cm present at tlsr, so at the moment

of excitation the 2 3S′
1 mixed state lifetime was ∼10 ns. The 2 3S′

1 state evolved

into pure 2S atoms over the course of the switch times which were measured to be

tT,rise = 65 ns and tG,rise = 120 ns.

The number of 2S atoms was measured as a function of time by applying an

electric quenching field once the atoms passed through EG and were propagating
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freely in vacuum, this is designated the quenching region (QR). Upon applica-

tion of the field the 2S atoms undergo the following decay path 2 3S1
Stark mixing−−−−−−−→

2 3S′
1

Fluoresence−−−−−−−→
Γ > 50 MHz

1 3S1
Self−annihilation−−−−−−−−−→

Γ ≈ 7.0 MHz
3γ . Once in the ground state, quenched 2S

atoms decay with a mean ground state lifetime of 142 ns, meaning that annihila-

tion from quenched 2S atoms was not simultaneous with the quenching field being

switched on. The quenching of all the 2S atoms simultaneously causes a peak in

annihilation events as measured by the SSPALS technique, see Section 3.6, which

is proportional to the number of 2S atoms at that time.

There was no electric field present in the QR after ET and EG stabilised at

0 V, resulting in no Stark mixing with the 2P state until quenching began. How-

ever, the average magnetic field from the positron guiding coils within the QR was

⟨Bz⟩ = 50 G, with a range of ±30 G. This was measured using a Hall probe as de-

scribed in Section 3.1.3. Bz was large enough to cause the triplet 2S state to mix

with the singlet 2S state for an average self-annihilation lifetime of τSA = 1124 ns

within the QR, corresponding to a decay rate of 890 kHz. The minimum Bz field

present would cause a decay rate of 881 kHz, and the maximum field a decay rate of

904 kHz. Because the Ps ensemble has a large spatial distribution and because this

variation is below the statistical error of the experiment the average value is taken

as the theoretical prediction. Measuring the height of the annihilation peaks as a

function of quenching time should therefore produce an exponential decay with a

decay constant of τexp. = τSA.

The electric field used to quench the 2S atoms in the QR was applied by two

parallel electrodes, E1 and E2. The electrodes could not be placed too close to-

gether due to fast atoms colliding with the electrodes causing unwanted losses. The

electrode spacing was therefore maximised to reduce collisions within the experi-

mental time frame. The narrow vx velocity distribution (see Section 4.1 for details)

was exploited for this purpose and allowed the electrodes to be placed close enough

together to provide a sufficient quenching field while not causing losses from col-

lisions. E1 and E2 were placed 8.5 cm apart and centered on the yz-plane, see

Figure 5.1(a). Collisions with the electrodes are not expected for ∼ 1000 ns based
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on the maximum vx of ∼40 km/s. Collisions on the chamber walls 150 mm away

start as early as 600 ns, however, due to the fast vz and vy distributions.

To quench the 2S atoms E1 was switched from 0V to -4 kV and E2 from 0V

to +4 kV which created a field of FQ = 0.94 kV/cm between the plates. The rise

time of the plates was tE,rise = 42 ns which was deliberately increased slightly by

50Ω resistors in series between the switch outputs and the electrodes. This was

done to minimise the switch noise in the signal as discussed below. Within the

boundary of the plates the field was well defined. Figure 5.2 shows the electric fields

in (a) the xz-plane and (b) the yz-plane. These field maps were calculated using

SIMION as described in Section 4.2.1 to show the quenching field for the potentials

T = G = 0 V, E1 =−4 kV and E2 =+4 kV. Around the end of the electrodes the

field varied slightly due to the proximity of the grounded chamber. However, the

last quenching time was 1000 ns, at which point the fastest atoms would still be

inside the QR meaning 2 3S1 atoms decay to the ground state in <20 ns in FQ.

The 2S population was measured at ten separate times by pulsing E1 and E2;

the first at tswitch = 270 ns and in 75 ns intervals thereafter. The annihilation signal

of the quenched atoms was detected using a single LYSO detector, see Section 3.2.

The detector was approximately 34 cm from the centre of the chamber (pointed

roughly at the target) with an active area of 45 cm2, see Figure 5.1a. This dis-

tant position was chosen to decrease the variation in the solid angle over the region

where annihilation was possible. The average solid angle was low however, leading

to a detection efficiency of around 1% due to solid angle effects alone. This, com-

bined with the low 2 3S1 production efficiency, required six data runs to be made to

overcome statistical error, totaling 166 hours of data acquisition time. Due to these

low statistics, noise in the signal was smoothed out by convolution with a Hamming

window [138] 60 ns wide (using the PyAstronomy Python package [84]). This was

done for both the 2S and Rydberg signals though it was less important on the latter

due to the better statistics.

The HV switching of E1 and E2 induced a pick-up signal in the detector which

was present in the recorded SSPALS spectra. Figure 5.3(b) shows an example of
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Figure 5.2: These two panels show the electric field within the quenching region calculated
using SIMION. In both panels T = G = 0 V while E1 = −4 kV and E2 =
+4 kV. The chamber is grounded. (a) A slice in the xz-plane at y = 0 and (b)
the yz-plane at x = 0. In (b) it is possible to see how atoms that leave the region
between the plates will still experience sufficient field for quenching. In (a) a
small region of low field is present after the grid.

the ’switch noise’ in a Rydberg FI signal, chosen for better statistics but the process

was applied to 2S and Rydberg data identically. This could not be removed with

a standard single background subtraction of V (t)lsr on
switch on −V (t)lsr on

switch o f f . However,

the switch noise was reproducible from shot to shot and could therefore be treated as
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Figure 5.3: An example of the double background subtraction for a Rydberg (n = 23) field
ionisation signal at 270 ns (where the time is shown relative to the switch pulse).
(a) The two components of the double background subtracted signal. The FI
component is shown in red (thick line) and the Rydberg signal is shown in blue
(think line). (b) The double background subtracted FI signal (thick purple line)
and the single background subtracted signal with switch noise V (t)lsr on

switch on −
V (t)lsr on

switch o f f (thin green line).

a constant background and subtracted out of the signal. This required an additional

second background and a double background subtraction of the form

[
V (t)lsr on

switch on −V (t)lsr o f f
switch on

]
−
[
V (t)lsr on

switch o f f −V (t)lsr o f f
switch o f f

]
. (5.1)

See Figure 5.3(b) for a comparison between the double and single background sub-

tracted signal. The two components of the double background subtraction can be

seen in Figure 5.3(a). The first term is a FI Rydberg signal with ground state back-

ground, where the switch is pulsed in both cases. The second term is the unper-

turbed Rydberg signal with the switch not pulsed.
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5.1.1 Additional Loss Effects

Decay from self-annihilation is not the only contribution to the loss of 2S atoms

once in the QR. Because the position of the Ps cloud is different at each quenching

time the solid angle of the atoms as seen by the detector changes too (despite at-

tempts to limit the solid angle variation by placing the detector far from the quench-

ing region as mentioned above). If the detector has a higher detection efficiency at

one end of the QR than the other then the population measurement will be skewed

accordingly, introducing a component into the amplitudes that is not due to the ex-

ponential self-annihilation decay. The detector had an active area of 45 cm2 but

the area of the QR was ∼100 cm2 in the yz plane, meaning that if the detector

was placed close to the detection region for maximum detection efficiency the solid

angle variation across the QR would be large, > 100%. This necessitated the place-

ment of the detector far from the QR to mitigate the position sensitivity of the small

detector, resulting in a < 20% variation in solid angle across the measured quench-

ing positions. This was estimated by calculating the area of a sphere subtended by

the detector A with respect to: (1) the conversion target d = 34 cm away from the

detector, and (2) at the point z = 24 cm on the z-axis, which is 5 cm further than the

end of the QR and level with the detector in the z axis so d = 24 cm. The solid an-

gle was calculated as Ω = A/d2, where d is the displacement between the detector

and the detection point. The detection efficiency is 2Ω/4π , where the factor of two

comes from the minimum 2γ annihilation of the positron.

Another cause of loss is the broad spread of velocities. Despite losses on

E1 and E2 being suppressed by the narrow Doppler selected vx distribution some

slower atoms do not enter the quenching region for ∼450 ns, remaining in the laser

excitation region (LER). At later times atoms collide with the vacuum chamber,

see Figure 5.4(a) & (b), which shows the simulated trajectories of Ps atoms up to

t = 1000 ns, with no quenching field applied and no decay processes. The atoms

were considered to have annihilated only upon collision with a surface. Simulated

velocity distributions described in Section 4.1 were matched to measured experi-

mental parameters of tlsr = topt.
lsr + 20 ns to define vz, 100 GHz to define vx, and
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Figure 5.4: Trajectories of 200 Ps atoms at t = 1000 ns for (a) the xz-plane (y = 0) and (b)
the yz-plane (x = 0). The blue trajectories are atoms that are not quenched, and
the red trajectories are atoms that are quenched within the field of the QR. Only
collisions are taken into account as a permanent loss mechanism.

∆λ = 0.057 nm to define vy, see Figure 4.1. The blue trajectories in this figure

show atoms that were not in the QR at t = 1000 ns, and the red lines show atoms
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Figure 5.5: The simulated percentage of the Ps population that cannot be quenched at the
experimental quenching times due to having not entered or having left the
quenching region (blue circles). The red dashed line indicates the experimental
peak occupation as measured with Rydbergs.

that were in the QR (and could be quenched) at t = 1000 ns.

Figure 5.5 shows the simulated percentage of atoms that were not in the QR at

the experimental quenching times, relative to peak quenching. At each quenching

time the simulated atoms were considered unquenchable if they had not yet made

it through the grid into the QR, or if they had annihilated on a surface. Atoms that

annihilated on a surface were permanently removed from the simulation, whereas

atoms still in the LER were considered quenchable at later times if they subse-

quently entered the QR before annihilating on a surface.

5.1.2 Experimental Rydberg Correction

To quantify the effect of collision losses, slow atoms and solid angle variation, Ry-

dberg atoms with high principle quantum number were excited. High n Rydberg

states live for tens of microseconds [91] and so in the time scale of the experiment

the losses due to fluorescence are negligible. Therefore, by field ionising the Ryd-

berg atoms using E1 and E2 at the experimental quenching times, any reduction of

the peak amplitude can be attributed to non-radiative losses. This gives a measure-

ment of the relative decrease for each of the 2 3S1 quenching peaks from loss effects.

Despite minor differences between the two situations this experimental method of
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correction is more comprehensive than a simulation, accounting for unknown ef-

fects and minor details impossible to isolate and quantify in simulations.

Excitation of n = 23 Rydbergs at λIR = 733.9 nm is described in Section 3.10

and was performed at the same laser delay as 2S production. The main dif-

ference from 2S production was that T = G = -3.5 kV to perform the excita-

tion in minimal field to prevent FI. However, the two electrodes had different

switching rates (trise,T = 65 ns and trise,G = 150 ns) leading to an electric field of

FTG = 340± 10 V/cm at excitation, see Section 3.10 for details on how this was

measured.

Because of this field the laser was resonant with several different n states due

to Stark and Doppler shifts, see Section 3.10 for details on these selection effects.

The states excited were |n = 23,k = ±1⟩, |n = 22,k = +12,+10⟩, |n = 24,k =

−12⟩, and |n = 25,k =−17⟩, calculated by seeing which Stark states where shifted

according to Equation 2.30 into the 100 GHz effective bandwidth of the excitation.

This made the range of fluorescence lifetimes present 42 - 70 µs [91] and resulted

in <1% loss on experimental time scales in the worst case scenario of all n = 22

LFS. The velocity distributions should match well between Rydberg and 2S atoms

as discussed in Section 3.10. Though some states may be preferentially faster or

slower in vx as they were only excited due to being Doppler shifted into resonance

with the narrow band IR laser. It should not matter where the atoms end up however,

because all excited states were capable of being FI in the 0.94 kV/cm field within

the QR.

However, while quenched 2 3S1 atoms self-annihilate anywhere within the

quenching region, positrons freed from FI Rydberg atoms are rapidly attracted to

the negatively charged plate, E1, and annihilate there. The full process upon ap-

plication of the ionising field being n = 23 FI−−−−−−−−→
Γ > 1000 GHz

e++ e− → Nγ for n = 23

Rydbergs, where N will depend on the electron that annihilates with the positron.

This difference in annihilation location changes the detection efficiency of the 2S

and Rydberg states. However, the difference will be minimal due to the distant

placement of the detector minimising solid angle variation, and because the change
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in annihilation location will be consistent along z, and thus only change the abso-

lute detection efficiency between the 2S and Rydberg signals not the relative change

over time as measured in the Rydberg data.

The Rydberg FI signal was obtained for the same switching times tswitch as the

2S data, see the coloured spectra in Figure 5.6(a), and the peak values extracted,

ARyd.(t), see Figure 5.6(b) for the normalised data. Collisions will still occur during

the 42 ns rise time of the field, hence the peak time is the sampled time. The first

two points were not considered because some unknown fraction of atoms remains in

s

Figure 5.6: (a) n= 23 Rydberg Ps electric field ionisation data, normalised to the maximum
amplitude at 486 ns. Each coloured spectra shows the time and magnitude
of annihilation of the FI Rydberg states at different values of tswitch. (b) The
normalised Rydberg peak amplitudes ARyd.(t) and corresponding time-shifted
correction factors, CRyd.(t ′), derived from a linear fit (dashed line) to the data,
as described in the text. The shaded bar represents the CRyd.(t ′) error obtained
from the fit. From Reference [242].
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the LER and there is a region of low field following the grid (see Figure 5.2) where

2 3S1/Rydbergs may not be quenched/ionised. This is demonstrated in Figure 5.6(a)

where FI peaks before the highest peak are broader as slower atoms fly into regions

of ionising field after the field is switched. The simulated fraction of unquenchable

atoms is in good agreement with the trends seen in the Rydberg data, suggesting

solid angle effects are minimal.

To account for the o-Ps decay of the quenched 2S atoms the Rydberg correction

must be adjusted for arbitrary times. To do this a linear fit was made to this data,

normalised to the third data point at t = 486 ns ARyd.max , which represents the peak

occupation of the QR. The first two quenching times occurred during the period

when atoms were still entering the QR and are therefore subject to losses we cannot

include in the correction. The fit was of the form ARyd.(t) = mt + c, where m =

(−0.94± 0.11)× 10−3 ns−1 and c = 1.13± 0.03, to allow the calculation of the

correction for arbitrary times. A correction factor calculated from the normalised

signal was defined as C(t ′) = 1−ARyd.(t ′) which is shown as a line in Figure 5.6(b),

the shaded band corresponding to the error from the least squares fitting procedure.

The loss indicated by this correction is up to 15% relative to ARyd.max , which is five

times higher than simulations predict.

Determining the correct time to extract the peak height of the 2S quenching

data t ′ (and evaluate the Rydberg correction) is not simple due to the low statistics,

see Figure 5.7(a). In the uniform field of the quenching region the 2S quenching

peak should always be the same time after the switching pulse and therefore the

same time after the Rydberg peak. By using the Rydberg peaks as a reference

point the 2S quenching peaks A2S were evaluated at time t ′, where t ′ is a fixed

distance from the Rydberg peak times t ′ = tRyd.+T , and T is defined as the average

separation between tRyd. and the maximum of each corresponding 2S quenching

peak tmax:

T =
1

N −2

n

∑
i=3

(ti,max − ti,Ryd.). (5.2)

T was determined for each of the six data runs and had an associated error calcu-

lated as the standard error in the mean of Equation 5.2. For example, for Run #6,
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T = 69± 12 ns and the correction evaluated at these times CRyd.(t ′) is shown in

Figure 5.6(b).

5.2 Results & Discussion
An example of a 2S quenching measurement from Run #6 is shown in Figure 5.7(a)

with the smoothed (black) and unsmoothed (coloured) data shown. The vertical

lines show the value of t ′ with the corresponding amplitude values shown in the

panel below, (b). The first two greyed out points are the unused points susceptible

to slow atoms not being quenched as discussed above.

The amplitudes of each data run were adjusted by the Rydberg correction rela-

tive to the maximum 2S signal Amax
Meas = AMeas(526 ns) of that run which represented

the initial 2S population to which the unwanted loss effects were happening. The

correction was applied using the equation

ACorr(t ′) = AMeas(t ′)+Amax
MeasC(t ′), (5.3)

with an example of the data pre- and post-correction data shown in Figure 5.7(b).

This correction does not account for the self-annihilation of the corrected fraction of

atoms added back onto the data as this does not occur in the Rydberg spectra. Calcu-

lations show that less than 5% of corrected fraction of atoms would self-annihilate,

based on the calculated annihilation lifetime. This induces an error far lower than

the error inherent in the correction.

An exponential fit of the form Ae−Γt (where t is time, A is the amplitude at

t0, and Γ is the decay constant, or the inverse of the lifetime 1/τ) was fitted to

the corrected amplitudes. An example of this fit can be seen in Figure 5.7(b) for

both corrected and uncorrected data. The shorter lifetime of the uncorrected data is

consistent with the effect of late collisional losses. This fit was performed on each of

the six data runs with the extracted Γ values shown in Figure 5.8. The final answer

from the Rydberg corrected data averaged over all six runs was Γexp(2 3S1) = 843±

72 kHz.

Because of the high statistical error inherent in the measurement systematic
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Figure 5.7: (a) Double background subtracted 2S quenching peaks with smoothing (black
lines), and without smoothing (coloured lines), for run #6, as described in the
text. (b) The corresponding peak amplitudes from (a) (blue points), and the
Rydberg corrected amplitudes (red points). The vertical lines in (a) represent
the times at which the peak amplitudes are evaluated, and the dashed lines in (b)
are exponential fits to the data from which the lifetime is obtained. For clarity
only alternate quenching peaks are shown in (a). The first two (gray) points in
(b) were not included in the exponential fit, as discussed in the text. Adapted
from Reference [242].

errors are negligible. The main systematic changes to the 2S lifetime come from

Zeeman mixing, motional Stark effects and stray electric fields. The Zeeman mix-

ing of the triplet and singlet 2S state increases the annihilation rate by an average

of 10 kHz, far below the experimental uncertainty and in agreement with the result.

The electric dipole moment of an atom travelling through a magnetic field perpen-

dicular to its motion can induce electric fields1 which can quench the 2S states by

1This is the motional Stark effect, where the field produced is F⃗M−Stark = v⃗× B⃗ where v⃗ is the
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Figure 5.8: Decay rates measured in all six runs, with and without the Rydberg correction.
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data, and the shaded band around the average is the error. Adapted from Refer-
ence [242].

Stark mixing with the 2P states. In this experiment, based on the simulated velocity

distributions, the change to the 2S lifetime is on the order of just 0.1%. There was

no ringing measured on ET and EG during these experiments, and most Ps was far

from the electrodes so residual fields will be lower than the motional Stark effect.

The value of Γ2S = 843±72 kHz is in agreement with theory, which is 890.0±

1.4 kHz [5] post Zeeman mixing adjustment, with the error coming from the QED

calculation and variation in the average magnetic field. However, the error in the

measurement is ∼ 8.5% and the lowest order QED corrections differ by 3%, see

Table 2.3, meaning this measurement is not precise enough to test even the lowest

order correction. It is feasible to get the experimental error down to this level of

precision with some modifications to the method:

• Multiple detectors of larger active area (e.g. [203]) can remove solid angle ef-

fects, reducing the need for correction and enabling better detection efficiency

of the atoms.

velocity vector and B⃗ is the magnetic field vector [81].
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• Colder Ps would limit losses from collisions and reduce solid angle effects as

the Ps will spread out over smaller areas compared to faster Ps sources. Un-

fortunately, slower Ps sources are hard to make and unstable [198]. Selecting

slower parts of the existing Ps distribution would adversely affect statistics.

Alternatively, Ge2 can be given a narrow t0 distribution by triggering photoe-

mission with ultrafast lasers for more precise timing information and reduced

spread [78], though this would also require faster scintillators.

• Improvements to the ET and EG assembly can be made. Lowering the

switching time of both electrodes would increase 2 3S1 production. This

can be done by reducing the capacitance of the electrodes, allowing them

to charge/discharge faster. A modified electrode setup where dTG is smaller

would reduce the time it takes slow atoms to reach the quenching region, but

may worsen the capacitance of the system. Placing the grid on the QR face

of EG to minimise the low field region will also allow earlier data to be used.

• Using microwave radiation to drive 2S atoms to the 2P state (where they will

fluoresce to the ground state and annihilate) would not require any electrodes

which can limit flight times and could allow the use of a larger chamber. But

a powerful microwave source sufficient to uniformly saturate the transition

would be required to ensure that annihilation was triggered in all Ps locations.

• Switching the positron guiding coils off was considered, but due to high coil

inductance this was not feasible as the time constant of the coil switching

is τ ≈ L/R = 15 ms, where L = 12 mH is the inductance of the coils and

R = 0.8Ω is the resistance. A transmission target would allow for proper

termination of magnetic fields, but these often result in faster Ps or lower

production efficiency (e.g. References [27, 225]).

As an extension to any future experiment, mixing the singlet and triplet 2S state

using magnetic fields allows a measurement of the 2 1S0 annihilation lifetime to be

2Ge produces faster and more collimated Ps that mesoporous silica with higher efficiency at
∼ 72% [231].
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made, similar to the method used to measure the singlet ground state lifetime [16].

This would represent a complete set of annihilation decay rate measurements in Ps.

The decay rate of the 2 1S0 state is too fast to be measured directly, however, if the

Zeeman mixed decay rate of the triplet 2S state is measured over a range of mag-

netic fields the zero field 2 1S0 decay rate can be extrapolated from the data. This

requires highly uniform, precisely known magnetic fields on the order of hundreds

of Gauss, which could be achieved with the appropriate Helmholtz coil setup and

low divergence Ps source.

5.3 Conclusion
A measurement of the 2 3S1 annihilation decay rate has been made using time de-

pendent electric field quenching, with a result of Γ2S = 843± 72 kHz. This is in

agreement with Zeeman shifted theory calculations Γcalc
2S = 890.0±1.4 kHz [5], but

is not sufficiently precise to confirm any bound-state QED corrections. However,

this represents the first measurement of an excited state self-annihilation decay rate

in Ps. The result can be improved upon, requiring a six fold increase in experimental

precision to test the lowest order of QED correction. This should be achievable with

the methods stated here, with the primary improvements being removal of the need

for Rydberg correction and improved statistical error. It is estimated a precision on

the 1% level could be achieved this way.



Chapter 6

Microwave Spectroscopy of n = 2 Ps

in Free Space

This chapter presents work found in:

Microwave spectroscopy of positronium atoms in free space. R. E. Sheldon

, T. J. Babij, S. H. Reeder , S. D. Hogan, and D. B. Cassidy, Phys. Rev. A,

107, 042810 (2023) DOI: 10.1103/PhysRevA.107.042810

Recent measurements of the Ps n = 2 fine structure have shown large appar-

ent shifts and asymmetries in the measured line shapes [132]. These effects have

been attributed to frequency dependent microwave reflection, whereby the power

felt by the atomic population changes as a function of frequency due to standing

waves set up by reflections from the vacuum chamber, setting up a pseudo-cavity

with unknown properties [15]. Horn antenna and other reflection-prone microwave

sources are used in many spectroscopy studies (e.g. References [49, 55, 111, 181]),

in which this effect may also be present, so understanding the effect of reflections

is important. This work presents an exploration of these effects using free-space

microwave radiation from a horn antenna.

In addition to this, future measurements of inter-Rydberg transitions will re-

quire free-space radiation because the waveguide corresponding to the > 700 GHz

radiation used, the WR-1.0, has dimensions of 0.254× 0.127 mm. This tiny size

makes it impossible to propagate Ps through any WR-1.0 waveguide without large
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selection effects and losses. Therefore a good understanding of horn antenna and

free-space radiation is required.

6.1 Experimental Setup & Methodology
During the work in this chapter the positron beam had a typical spot size of 3 mm

and 2 ns, as described in Section 3.1. The positrons were incident on a meso-

porous silica target mounted on electrode ET, biased to VT = -3.5 kV for implan-

tation, see Section 3.4. The grid electrode EG was a distance dTG = 8 mm from

ET, and was kept grounded during laser excitation of the 2S atoms, with a resultant

FTG = 4.4 kV/cm field. The applied magnetic field was the same during all mea-

surements and is discussed in detail in Section 6.2.1. Figure 6.1 shows a diagram of

the experiment in (a) the xz-plane, and (b) the yz-plane.

The UV laser used to excite the 2 3S′
1 state was set to tlsr = topt.

lsr for optimum Ps

production, see Section 3.5, exciting the 2S’ mixed state in FTG. ET switched from -

3.5 kV to 0 V in trise = 35 ns to evolve the 2S’ into pure 2 3S1 atoms, see Section 3.8

for more information. Retro-reflection was not implemented in this experiment,
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Figure 6.1: A schematic diagram of the experimental setup in (a) the xz-plane and (b) the
yz-plane showing the horn antenna (purple), Ps cloud (green), UV laser (blue),
incident positrons (red), the silica target (yellow), the chamber (dark grey) and
electrodes (light grey). In addition to this (a) shows the microwaves (pale yel-
low), and (b) shows the detectors (pale red) and the placement of the magnetic
coils. Adapted from Reference [243].
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instead a fused silica prism was located on the +x side of the chamber to prevent

the UV beam damaging the horn antenna and to allow entry of the IR laser for

photoionisation to perform laser delay optimisation and Doppler scans. The prism

was mounted on a plastic rod to minimise microwave reflection and attenuation.

Three gamma-ray detectors, see Section 3.2 & 3.3, were used to record SS-

PALS spectra, as discussed in Section 3.6, to observe the changes in annihilation

caused by the application of microwave radiation to the 2S atoms. Microwave radi-

ation at ∼ 8.6 GHz drives the 2 3S1 atoms to the 2 3P2 state and causes early anni-

hilation by fluorescence to the ground state which can be observed using SSPALS

as a positive Sγ value. Microwaves were applied with a WR-102, 15 dBi gain horn

antenna as described in Section 3.9.

The horn antenna was placed on the +x side of the chamber, with the emitted

radiation travelling along the −x direction. The horn was centered at y = 0 mm

and z = 10 mm to ensure the maximum amount of microwave radiation enters the

vacuum chamber, this being the centre of the fused silica window. The x position

of the horn, Lx, is defined as the distance in the x-axis between the exit aperture of

the horn antenna and the centre of the Ps ensemble at x = 0 mm. Measurements

in this work were performed at two values of Lx, 21 and 34 cm, which correspond

to the near-field and far-field regime respectively. The boundary is at a distance

dFF = 26 cm from the horn antenna output face, marking the point where the unpo-

larised near-field regime becomes the polarised, planar-wave far-field regime. How-

ever, complex microwave field patterns due to reflection effects causes effectively

randomised polarisation in both regimes, as discussed fully in the next section. Fig-

ure 6.2 shows an example of the simulated polarisation at the two experimental

values of Lx, calculated using Equation 4.2.

The angle of the horn antenna θH could be changed using a manual rotation

stage upon which the horn was mounted. This will change the direction from which

the microwaves intersect the Ps atoms and change the reflection effects within the

experiment. Figure 6.3 shows an image of the setup at θH = +10◦. Although

the accuracy of the relative angle change on the rotation mount was < 0.5◦ the
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Figure 6.2: The simulated polarization in the z-axis for a free space horn antenna (dashed
green line), a horn antenna in the experimental setup at Lx = 21 cm (thin or-
ange line), and again in the experimental setup at Lx = 34 cm (thick blue
line). This data was simulated as described in Section 6.2.2 at θH = 0◦ and
ν = 8624.38 MHz.

alignment of the horn to the x-axis of the experiment was subject to error which

we estimate to be ±2◦ due to the difficulty of aligning the horn antenna to the

production target.

Some electric fields were still present after 2S production due to ringing on ET

from the HV switch which can have a magnitude of up to FTG = 100 V/cm based

on the maximum recorded ringing voltage and dTG, see Section 3.8.1. To prevent

Stark shifts the application of microwaves was therefore delayed by tµ = 510 ns to

allow the majority of the Ps (> 95%) to leave the LER and enter the region beyond

the grid, the quenching region, QR. At tµ the field in the LER was FTG = 40V/cm

but most Ps was beyond EG in a field of < 1 V/cm (calculated by Equation 3.4). A

later delay would allow more Ps to leave the LER and let the ringing voltage decay

further. But increased losses from self-annihilation and collisions would impact

statistics so the delay was chosen to be as early as possible while allowing the

majority of the Ps distribution to enter the QR.

Line shapes were generated by measuring the Sγ parameter as a function of

microwave frequency to quantify the transfer from the 2 3S1 to the 2 3P2 state, as

discussed in Section 3.9. The line shapes measured by each detector were fitted with
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Figure 6.3: A photograph of the setup with the horn at θH =+10◦, Lx = 34 cm. The prism
is present in front of the window, and the black tubes on the left are LYSO
detectors around the chamber.

Lorentzian and asymmetric Lorentzian functions to extract values of the centroid,

width and asymmetry, (see Section 2.4). The data presented in this chapter is an

average of the fitted values across the three detectors and multiple data runs unless

specified, see Appendix A for more detail on how this data was processed.

6.2 Simulations

6.2.1 Trajectory Simulations

Monte Carlo trajectory simulations of the Ps atoms were performed to better un-

derstand the location of microwave transitions and determine the best time to ap-

ply the microwave radiation, see Section 4.2 for details. The initial distribution

of atoms was determined by experiment with the measured Doppler width being
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Figure 6.4: Monte Carlo simulations of the location of microwave induced 2 3S1 → 2 3P2

transitions at tµ = 510 ns (green squares), and self-annihilation events (blue
triangles), and collisions of Ps atoms (red circles) before this time. (a) is the
xz-plane and (b) is the yz-plane. The arc of red dots at z ≈ 60 mm in (a) is
collisions of atoms with fast vy colliding with the curved chamber as seen in
(b). Solid black lines denote solid metal objects, namely, the target and grid
electrodes and the vacuum chamber. The colour map shows the magnetic-field
strength in and around the vacuum chamber. z = 0 mm is the centre of the
chamber in this figure, not the starting location of the Ps atoms, which remains
ET. Adapted from Reference [243].

∆λ = 0.080 nm and the laser delay being tlsr = topt. which gave the average velocity

vector v⃗rms = (15,99,94) km/s, see Section 4.1. The atoms were assigned an annihi-

lation lifetime sampled at random from an exponential distribution of τSA = 1120 ns,

which is the lifetime of the 2S state in the average magnetic field of Bz = 32 G.

Figure 6.4 shows the location of Ps atoms at tµ = 510 ns in the xz- and yz-plane.



6.2. Simulations 143

The red dots indicate collisions, demonstrating collimation on the grid electrode

and collisions with the vacuum chamber. Blue dots show self-annihilating atoms,

where 30 % of the initial population was lost to self-annihilation before tµ . Green

dots represent the location of the surviving atoms at tµ , with no atoms remaining in

the LER by this time. The green dots to not represent where the microwave driven

atoms annihilate, simply where they are when the radiation is applied. This is due to

the complexity of the processes upon application of the microwaves which involve

a non-saturating microwave intensity, the fluoresce from 2P → o-Ps and the ground

state decay rate Γo−Ps. These processes will be considered in Section 6.2.3 of this

chapter.

The colour map in Figure 6.4 shows a 2-D map of the magnetic field strength

within the experimental region at x = 0 mm and y = 0 mm as measured by tech-

niques described in Section 3.1.3. The magnetic field at the location of each atom

at tµ was extracted from the measured field map with the population in an average

magnetic field of 32.0±2.3 G with the range of magnetic fields being 28 to 41 G.

According to QuTip simulations (see Figure 4.5) microwave transitions can occur

up to 1 µs after tµ , although the fraction of atoms remaining at this point will not be

significantly contributing to the measured signal. As a conservative estimate, more

than 50% of quenching events will occur by t = 1200 ns, at which point the average

magnetic field is 39.9± 11.1 G and the range of fields is 29 to 74 G due to the Ps

spreading out. Taking the initial 32.0±2.1 G field the average Zeeman shift will be

−1.13±0.15 MHz at tµ , and −1.75±1.11 MHz at t = 1200 ns. Note the value of

τSA = 1120 ns used in the final simulation was calculated based on the average field

determined using the zero-field τSA = 1136 ns 2S lifetime in an initial simulation.

Changing the value of τSA had no effect on the simulated magnetic field distribution.

6.2.2 FIT Field Simulations

A full 3D CAD model of the experimental setup was imported into CST Studio

Suite to simulate the microwave properties of the system, in particular to observe

the effects of microwave reflection of intensity and polarisation. These simulations

were performed using methods described in Section 4.3.
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Figure 6.5: The simulated gain of the WR-102 horn antenna in the −x direction in free
space (black squares), and with the experimental setup present for θH = −10◦

(green diamonds), 0◦ (blue circles) and +10◦ (red triangles). The dashed hori-
zontal line indicates the manufacturer specified gain, the vertical line shows the
zero-field ν2 transition frequency, and the lines joining the points are a guide
for the eye.

As mentioned above the maximum gain of the horn antenna Gmax will have

a small frequency dependent variation in free space which could distort line shape

measurements. Figure 6.5 shows a CST simulation of the free space Gmax compared

with Gmax with the experimental setup present. This demonstrates that the intrinsic

gain response of the horn is insignificant due to the dominant effect of reflections

by the chamber and hence has not been corrected for in experiment. In addition to

this, Gmax was simulated for a range of θH values, with the large variation between

results indicating that the Gmax is dependent on the exact geometry of the system.

To further investigate the microwave radiation the electric field pattern was

simulated at 8626.71 MHz for three values of θH , shown in Figure 6.6. Fig-

ure 6.6(a) shows the horn radiation decreasing in intensity continuously the further

from the antenna you are for the free space case (E0 ∝ 1/x). When the experimental

setup is included (Figure 6.6(b-d)) the radiation pattern displays large variation due

to reflected radiation. The peaks and troughs in the field amplitude show interfer-
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Figure 6.6: FIT simulations of the spatial distribution of the magnitude of the electric-field

component E0 of 8626.71 MHz microwave radiation in (a) free space and (b)-
(d) the experimental vacuum chamber with a horn antenna angle θH = −10◦,
0◦, and +10◦, respectively, for Lx = 34 cm. The vacuum chamber is outlined in
black, the electrodes in grey, the prism in blue and the horn antenna in purple.
z = 0 mm is the centre of the chamber in this figure, not the starting location of
the Ps atoms, which remains ET. Adapted from Reference [243].

ence patterns in the standing wave. Inherent in all these situations is that atoms

moving towards the horn in the +x direction are subject to a higher microwave in-

tensity, leading to preferential excitation, but any Doppler effects will be limited by

the narrow spread of vx as discussed further below. It is also notable that Ps atoms

will experience different time dependent microwave fields for different horn angles

due to the changing radiation pattern. In particular, asymmetric components such

as the prism and ET & EG, cause θH dependent variation.
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Figure 6.7: The simulated polarisation Pz of microwave radiation in the xz-plane at y =

0 mm emitted from a WR-102 horn antenna at ν = 8624.38 MHz and Lx =
34 cm. This is for four different cases: (a) a free space horn antenna, (b) the
experimental setup at θH = −10◦, (c) the experimental setup at θH = 0◦, and
(d) the experimental setup at θH = +10◦. The vacuum chamber is outlined in
black, the electrodes in grey, the prism in blue and the horn antenna in purple.
z = 0 mm is the centre of the chamber in this figure, not the starting location of
the Ps atoms, which remains ET

The field in Figure 6.6 is represented as the peak field, E0 =
√

E2
x +E2

y +E2
z ,

because radiation of every polarisation is present as discussed above in Figure 6.2,

and thus transitions for which ∆MJ = 0,±1 are possible. This figure shows the sim-

ulated polarisation data extracted along the line y = 0 mm, z = 20 mm, calculated

using Equation 4.2. This data demonstrates that the vacuum chamber and other

experimental components cause the polarisation to vary. The free-space case has
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100% polarisation in the z-axis as expected for a horn antenna with the antenna

orientated along the z-axis as is the case here. A larger value of Lx improves the po-

larisation, likely a combination of being in the far-field regime and less of the side

band intensity from the antenna is incident into the chamber, making the radiation

more directional and less likely to reflect.

Figures 6.7(a) shows a 2-D map of Pz for the free space case where the 100%

polarisation of the forward direction is clear, though the side bands are not clearly

polarised. Figures 6.7(b-d) show 2-D maps of Pz in the xz-plane at y = 0 mm for

θH = −10◦,0◦ and +10◦ at Lx = 34 cm and ν = 8624.38 MHz. From these maps

it is evident that there is a large amount of polarisation variation from Pz = 1 to

0, therefore the ∆MJ of the transition will be spatially dependent with unknown

weightings between the possible sets of transitions.

Figure 6.8 shows 2-D E0 and Pz maps of the simulated radiation field at two

frequencies and demonstrates that the frequency of the radiation changes both the

spatial intensity distribution and the polarisation distribution due to the standing
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Figure 6.8: Electric field E0 maps (right hand side, blue) of the microwave radiation at θH =
0◦ and Lx = 34 cm for (b) ν = 8224.38 MHz, and (d) ν = 9024.38 MHz. Mi-
crowave polarisation Pz maps (left hand side, purple) of the microwave radiation
at θH = 0◦, Lx = 34 cm for (a) ν = 8224.38 MHz and (c) ν = 9024.38 MHz.
All at y = 0 mm. The vacuum chamber is outlined in black and the electrodes
in grey. z = 0 mm is the centre of the chamber in this figure, not the starting
location of the Ps atoms, which remains ET
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waves being highly reflection (and therefore wavelength) dependent.

Because the spatial distribution and intrinsic power of the radiation are highly

dependent on ν , θH and Lx the microwave fields within this experiment are highly

inhomogeneous, and can be regarded as effectively random. Because of this the

simulations will be limited by the highly complex interactions of the numerous

reflections which are dependent on the exact physical properties of the setup that

we cannot digitally reproduce with high precision. These simulations can therefore

not be used to obtain exact experimental reproductions of the line shapes, but can

be used to gauge the magnitude of any possible effects these variations may have.

Any change in ν or θH may not only change the intensity of the microwave field

but also its spatial distribution resulting in spatial selection of different subsets of

atoms or different allowed transitions.

6.2.3 Line shape Simulations

Line shape simulations were performed using QuTip to examine the effect of inho-

mogeneous microwave fields on the line shapes measured in this work. See Sec-

tion 4.4 for a detailed explanation of the method. The full 3-D electric field compo-

nent of the microwaves was simulated at each experimental microwave frequency

at each value of θH and Lx, similar to the simulations in the section above using

methods described in Section 4.3. Five hundred Ps atoms with the initial conditions

described in Section 6.2.1 were propagated through the simulated field as a func-

tion of time to obtain the time dependent field strength felt by each atom E0(t). An

example of this time dependent field for one atom can be seen in Figure 4.5(a). This

data was used as the microwave field strength input of the QuTip ME solver with

a Zeeman shifted transition frequency of νZeeman = 8625.84 MHz and a Zeeman

mixed 2S lifetime of τSA = 1120 ns.

The microwave field strength was simulated in CST for an arbitrary microwave

input power and needed to be scaled to be representative of experiment. This was

done by matching the power broadening of the simulated line shapes to that of the

measured line shapes as explained in Section 4.4. An example of this is shown in

Section 6.3 for line shapes at Lx = 21 cm (θH = 0◦) which were produced to in-
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Figure 6.9: Simulated line shapes as described in the text at Lx = 34 cm for (a) θH =−10◦,
(b) θH = 0◦ and (c) θH = +10◦ fitted with Lorentzian functions. From Refer-
ence [243].

vestigate the power broadening of the transition. The simulated data was scaled in

the x-axis so that at the χ2
reduced parameter between the experimentally measured

widths and the simulated widths was optimised, with the width determined by fit-

ting a Lorentzian function. This was done by making a fit of Equation 2.24 to

the simulated line widths and comparing this to the line width at the experimental

powers.
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Three example line shape simulations are shown in Figure 6.9 for θH =

−10,0,+10◦ at Lx = 34 cm to investigate the effect of microwave field distribu-

tions on the line shape. The power scaling was the same for all Lx = 34 cm line

shapes and was chosen to match the width of the θH = 0◦ experimental run because

Pinput was kept constant for experimental data runs at Lx = 34 cm. Line shapes were

simulated for each experimental value of θH , but also 9.8◦ which acts as a sensi-

tivity test to establish if there is any significant line shape variation for small angle

changes. There is an estimated ±2◦ error on the simulated θH because the absolute

orientation of the horn with respect to the chamber is known only to limited accu-

racy (due to the precision of the measurement technique), and while the simulation

is an exact rotation of the apparatus this creates a relative error compared to the

experimental data. The line shapes in Figure 6.9 show MHz level shifts with no

asymmetry and will be discussed in full in Section 6.3.2.

6.3 Data and Discussion

6.3.1 Saturation Data

Initial measurements were taken to establish the possibility of saturation with a horn

antenna. The microwave induced Sγ as a function of Pinput was recorded for two

values of Lx (at θH = 0◦) and is presented in Figure 6.10. By fitting Equation 2.25

we obtain b parameters of 0.018± 0.001 and 0.0035± 0.0005 mW−1 for Lx = 21

and 34 cm, respectively. This equates to saturation powers of Psat. > 56± 3 and

294±42 mW for the two values of Lx, shown as vertical lines on Figure 6.101. As

expected, the further the distance of the horn antenna from the atoms the harder it is

to saturate the transition due to less power entering the vacuum chamber, resulting

in a lower overall intensity2.

Line shapes were measured at Lx = 21 cm and θH = 0◦ for a series of mi-

crowave powers which are shown in Figure 6.11. The centroid and width extracted

1Psat. is the threshold above which saturation occurs as defined by Equation 2.25.
2Despite this the data shows that this method can be used as an easy way to quench entire 2S pop-

ulations in free space as a means to trigger annihilation of a spatially large metastable Ps distribution,
as discussed at the end of the previous chapter.
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Figure 6.10: Measured saturation curves at Lx = 21 cm (blue circles) and at Lx = 34 cm (red
squares). The associated solid curves are fits to the data by Equation 2.25 with
the blue dashed (21 cm) and red dot-dashed (34 cm) vertical lines correspond-
ing to the saturation powers from those fits. Adapted from Reference [243].

from Lorentzian fits to the data are shown in Figure 6.12. Panel (a) confirms in-

creased power does not cause shifts in the fitted centroid of the line shapes due to

either ac Stark shifts (which should be less than 10 kHz at the estimated intensity),

or selection of additional atoms by the inhomogenous field distribution.

However, this averaged transition frequency of the data, νR = 8623.8 ±

0.3 MHz, does display a > 5σ shift from the calculated Zeeman shifted value of

νcalc
2 in a 32 G magnetic field, νcalc

2 (32 G) = 8625.58± 0.17 MHz. The Zeeman

shift is calculated for unpolarised microwave radiation driving all ∆MJ = 0,±1 tran-

sitions as indicated by the FIT simulation, see Section 2.3 for details on the calcu-

lation of the Zeeman shift. The error comes from the error in the Bz measurement

and the QED calculations. Even if the microwave radiation had a polarisation of

Pz = 1 (∆MJ = 0 transitions only) which provides the maximum possible Zeeman

shift the measured transition frequency would still be > 4σ from the theory. To

produce this Zeeman shift all the atoms (for unpolarised light) would have to be in

a field of 51 G, a strength of field that was only present beyond the experimental

chamber. Given the QuTip simulations of Figure 4.5 indicate that transitions occur
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Figure 6.11: Line shapes taken at Lx = 21 cm & θH = 0◦ for three different values of Pinput;
(a) Pinput = 95 mW, (b) Pinput = 302 mW and (c) Pinput = 603 mW. Power
broadening is clearly observed in this data. This is an example from one
LYSO detector during one data run. Adapted from Reference [243].

fairly soon after tµ and that any signal this far from ET would be very weak as seen

by the detectors this possibility is discounted.

The data in Figure 6.12(b) have been fitted with a saturation function given

by Equation 2.24. The value of Γ0 should correspond to the natural line width

(50 MHz) with additional broadening from Doppler effects (∼0.5 MHz based on
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vrms
x = 15 km/s from Equation 2.27) and transit-time broadening (on the order

of 1 MHz due to the large interaction region with the microwave field, see Sec-

tion 2.4). Instead of this, the fit returns a value below the natural line width of Γ0 =

45.0±2.2 MHz, ∼3σ from theory. The fitted b parameter is 0.009±0.001 mW−1,

corresponding to a saturation power of Psat. = 111±14 mW, which disagrees with

the fits of Figure 6.10 by 3.9σ .

The disagreement of Γ0 from theory, and b from measured amplitude data sug-
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(b)Data:
0 = 45.0 ± 2.2 MHz

b = 0.0089 ± 0.0013 mW 1
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0 = 47.3 ± 0.4 MHz

b = 0.0077 ± 0.0002 mW 1

Figure 6.12: Lorentzian fit parameters of (a) the centroid νR and (b) the line width Γ as a
function of microwave power Pinput (blue circular points). The average of the
centroids (solid blue line with shading representing the error) is 5.9σ from
theory (dashed black line). (b) Also shows the simulated line widths (or-
ange triangles) with the power scale adjusted to match the experimental points
as closely as possible, both data sets were fitted with the saturation Equa-
tion 2.24. These data were recorded with Lx = 21 cm and θH = 0◦. Adapted
from Reference [243].
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gests that while the transition rate from 2S → 2P of the addressed Ps atoms was in-

creasing, there were also new Ps being targeted as the power increased. This would

increase Sγ and Γ but not with the same power dependence, resulting in differing

b parameters and an incomplete model resulting in the low Γ0. The measured b

parameters are consistent with this whereby when new populations were addressed

by the microwaves the amplitude would appear to saturate at a higher power than

the widths, which is indeed the case.

Line shapes were simulated to reproduce the experimental power broadening

data as described in Section 4.4. The simulated power was scaled by a constant

factor to match the broadening trend of the experimental data as closely as pos-

sible to determine the correct power to run angle resolved line shape simulations

at, hence the close match between the experimental and theoretical line widths in

Figure 6.12(b). The simulated Γ and b values are within error of experiment for

the appropriately scaled simulated power, with the simulation also returning a line

width less than the natural line width. If more atoms are addressed at higher power

this may mean Equations 2.24 & 2.25 are not valid, causing the low Γ0 in both

experiment and simulation.

6.3.2 Reflection Effect Data

Line shapes were measured for different horn antenna angles, θH , to check the ef-

fects of Doppler shifts and microwave reflections. The former effect is possible

because rotating the horn will change the direction of propagation of the microwave

radiation, resulting in a non-zero net velocity of the Doppler selected 2S atoms as

described in Section 4.1.1. The latter effect is possible due to the different stand-

ing wave patterns at different values of θH resulting in changes in the frequency

dependent power.

Figure 6.13 shows example line shapes at three values of θH for Lx = 34 cm and

Pinput = 300 mW. A visible shift in νR can be seen between the θH =−10◦ and 10◦

line shapes. The measured νR values are shown as a function of θH in Figure 6.14

for Lx = 21 cm and Lx = 34 cm, displaying a total variation of ∼ 6 MHz in a ±10◦

range. Linear fits were made to this data to quantify the shift, giving a rate of change
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Figure 6.13: Line shapes taken at Lx = 34 cm and Pinput = 300 mW for three different values
of θH ; (a) θH =−10◦, (b) θH = 0◦ and (c) θH =+10◦. The data is fitted with
a Lorentzian function (red line) from which a shift is clearly observable in
this data. This is an example from one LYSO detector during one data run.
Adapted from Reference [243].

of 0.32±0.08 and 0.30±0.06 MHz/degree for Lx = 21 and 34 cm, respectively.

Line shapes were simulated for all experimental angles at Lx = 34 cm, as de-

scribed in Section 6.2.3. The values of νR from these simulations is presented in Fig-
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Figure 6.14: Measured νR at Lx = 21 cm (blue circles) and Lx = 34 cm (red squares) as a
function of θH , with simulations at the latter distance also presented (orange
triangles). The dashed gradients show linear fits to the data while the dashed
horizontal line is the expected theoretical transition frequency. Adapted from
Reference [243].

ure 6.13 and does not present a systematic shift like the experimental data, but does

demonstrate the possibility of MHz shifts from radiation pattern changes (without

asymmetry).

There are several possible causes for the shift, the first being Doppler effects.

For microwave radiation propagating at an angle θ to the Ps ensemble the velocity

in the direction of the microwaves will vary by 0.044 MHz/degree as described in

Section 4.1.1. This is due to the microwave radiation selecting increasingly large

contributions from the mono-directional vz distribution, inducing a Doppler shift.

The calculated shift is an order of magnitude below that observed and is in the

opposite direction. To explain the experimental data with Doppler shifts would

require addressing only the fastest atoms with radiation moving directly towards

and directly away from them with no loss of signal which is obviously infeasible. In

addition, given the interference patterns of the simulated field maps (Figure 5.2) the

microwaves will not have a uniform propagation direction, unlike a waveguide or

a highly collimated directional antenna, meaning Doppler effects may be averaged

over multiple directions.
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Another explanation for the angular shift is that changes in θH change the lo-

cation of the highest field amplitude and thus alters the location and subset of atoms

addressed. Figure 6.6 shows that the spatial microwave field pattern is largely con-

sistent for a ±10◦ change in θH , with the highest intensity nearest ET. In addition

we have already demonstrated that even the most extreme selection of the fastest

atoms cannot explain this data, and the maximum observed shift (∼ 8619.5 MHz)

would require a field of 79 G which is not present in the experiment.

Other systematics reviewed in References [132] & [15] and expanded upon in

Section 7.3.1 including ac Stark effect, second order Doppler effect, QI, motional

Stark effect and stray electric fields contribute at the sub-MHz level and do not vary

with horn antenna angle.

Given the lack of explanatory power for the systematic effects already dis-

cussed, we must consider the reflection effects proposed in Reference [15]. These

effects create frequency and location dependent power and polarisation, which

can induce both apparent shifts and asymmetry, but the data presented in this

chapter do not display a significant asymmetry. The average asymmetry for the

experimental data across every line shape presented in this chapter was qL =

−0.54±0.56 GHz−1, with the simulations having an average asymmetry of qsim
L =

−1.7± 0.1 GHz−1. This is lower than the previous work using waveguides [132]

which had an average asymmetry of qL =−23.2±0.5 GHz−1 for the ν2 transition

with clearly asymmetric line shapes.

The qL of the Lx = 34 cm data are shown in Figure 6.15(a) for the experimental

and simulated data. They are in agreement, with the average values displaying min-

imal asymmetry, though the simulated average qL = 0.6±0.2 GHz−1 does indicate

a small asymmetry, unlike the experimental average qL = 1.7± 1.3 GHz−1 which

shows no meaningful asymmetry. QI effects are expected to present asymmetries

that cause shifts on the order of < 100 kHz [15]. But due to the > 1 MHz errors

on each measured line shape this will not be detectable in this data. This large error

means that there may be other asymmetries that the data is not sensitive enough to

detect. Because the asymmetry is minimal and the Lorentz and asymmetric Lorentz
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Figure 6.15: The asymmetry of experimental and simulated line shapes for Lx = 34 cm
and Pinput = 300 mW is shown in panel (a), and the corresponding νR for
the Lorentzian and asymmetric Lorentzian are shown in (b). Adapted from
Reference [243].

functions are in close agreement, see Figure 6.15(b), the Lorentzian function has

been used to compare νR values across the data presented here.

It is concluded that the apparent shifts observed in this work are due to distor-

tions of the line shape resulting from a frequency dependent microwave intensity

because of reflection effects within the vacuum chamber (if reflections outside the

chamber were important the shift at Lx = 21 and 34 cm would be different), see

Figure 6.5. Simulations of the microwave field strength and polarisation demon-

strate the high complexity of the radiation distribution, which is sensitive to small

physical changes, and simulated line shapes demonstrate that the field strength dis-

tribution alone can cause apparent shifts ∼ 1 MHz. The lack of asymmetry in the
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data demonstrates the possibility for large shifts with minimal asymmetry. This

makes ascertaining if a measurement is subject to reflection effects difficult, such as

the recent ν0 measurement [131]. These reflection effects are highly dominant over

all other systematics and present a challenge in using horn antennas for precision

measurements.

In order to improve the prospects of precision Ps spectroscopy using horn an-

tennas a few options can be considered. A different chamber could minimise reflec-

tions. If the microwaves can pass through and out of the chamber without hitting

a reflective surface then the microwave field distribution and antenna gain will be

more uniform in space and frequency. In addition, microwave absorbing foam can

be used to absorb reflections on either side of the chamber and an in vacuum mi-

crowave absorber would be invaluable for the same reason if available. An rf lens

system (typically made of plastics) and a horn with a higher nominal gain could im-

prove the collimation of the microwaves resulting is less reflections. This may also

improve the overlap with the Ps ensemble allowing selection of specific subsets of

atoms. Some of these measures are implemented in the next chapter, but not with a

horn antenna due to its fundamental vulnerability to these effects.

6.4 Conclusions

Efficient population transfer of the Ps 2 3S1 → 2 3P2 transition using free space

∼8.6 GHz microwave radiation from a horn antenna has been shown. Saturation

of the transition was achieved at a range of distances demonstrating a method of

quenching 2S Ps in free space without the need of an electrode structure to apply an

electric quenching field which may impede Ps propagation. This may be achieved

using high power, broad band microwave sources with no vacuum compatibility

requirements.

However, precision measurements of broad Ps line shapes using free-space

microwave radiation are not feasible, as determined from the observation of a sig-

nificant dependence of the transition frequency on the orientation of the horn an-

tenna with respect to the Ps, despite symmetric line shapes. These shifts cannot
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be explained by known systematics and are attributed to small variations in the mi-

crowave power at different frequencies due to reflections from the chamber. Numer-

ical simulations of the microwave field and line shapes show complex radiation and

polarisation patterns, but corresponding line shape simulations do not exactly repro-

duce the apparent experimental shifts, despite displaying MHz levels shifts them-

selves. The data shows MHz shifts without asymmetry, in agreement with previous

theoretical studies [15], indicating previously observed shifts and asymmetries can

be explained with frequency dependent microwave power variation [132, 133].

These large apparent shifts are a significant problem for precision measure-

ments of transitions with a large natural line width and high spatial spread. The

next chapter presents the best effort we can do to reduce reflection effects and rep-

resents the most accurate measurement of the Ps n = 2 fine structure using these

methods.



Chapter 7

Precision Measurement of the Ps

2 3S1 →2 3P2 Interval

This chapter presents work found in:

Precision measurement of the 2 3S1 →2 3P2 interval in positronium. R. E.

Sheldon , T. J. Babij, S. H. Reeder, S. D. Hogan, and D. B. Cassidy, Phys.

Rev. Lett., 131, 043001 (2023) DOI: 10.1103/PhysRevLett.131.043001

The purpose of the work presented in this chapter is to obtain a precision mea-

surement of the 2 3S1 →2 3P2 transition (named the ν2 transition after the value of

J of the final state) without reflection effects by measuring line shapes of the tran-

sition in question and extrapolating the Zeeman shifted transition frequencies back

to zero-field. The systematic effect of frequency dependent power variations due to

microwave reflections has been confirmed to be present in the last set of Ps n = 2

fine structure measurements [15,131,132,243] as discussed in Chapter 6. Therefore,

in order to perform a higher precision measurement a chamber has been chosen to

reduce reflections by allowing the radiation to pass through microwave transparent

windows.

Figure 7.1 shows a comparison of the Ez component of microwave radiation

within a WR-112 waveguide as a function of frequency for three different cases.

The method of simulation and extraction of this data is described in Section 7.2.

The three cases examined were: (1) the waveguide mounted in the original chamber
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Figure 7.1: A comparison of the variation in the simulated electric field strength of the
microwave radiation as a function of frequency within a WR-112 waveguide
in a Cube vacuum chamber (blue circles), a Cross vacuum chamber (orange
squares), and an ideal waveguide (green triangles). Adapted from Refer-
ence [244].

of the 2020 Gurung measurements known as the ’Cross’ [133], which is shown in

Figure 1.3(a); (2) an ideal waveguide; and (3) the waveguide mounted in a new

chamber which allows propagation of the microwaves away from the waveguide,

called the ’Cube’, shown in Figures 7.2 & 7.3. The previous Cross chamber was

simulated as found in Reference [15] with the new Cube chamber simulated in

the same way, more information on this can be found in Section 7.2. The ideal

waveguide consisted of a void of vacuum with the cross-sectional dimensions of a

WR-112 waveguide and a length of 162 mm embedded within a perfect electrical

conductor (i.e. R = 0 Ω). The signal is shown as variation from the mean field to

normalise the signals of the three cases.

The simulation shows variations of up to 90% in Ez in a waveguide mounted

in the Cross chamber, caused by microwaves coming out of the waveguide and then

being reflected back in, causing large apparent shifts in line shape measurements in

this setup [15]. By comparison, the cube is more similar to the ideal waveguide,

showing variations of < 20% of the mean. Based on this simulation an experiment

was designed and built around this chamber, with other improvements implemented
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Figure 7.2: An annotated photograph of the waveguide in situ in the Cube chamber without
the microwave absorbing foam. The black cylinders on the left are LYSO de-
tectors, the mirror in the foreground is the retro-reflection mirror, and the black
coils apply the magnetic field.

to minimise systematic effects, details of which will be described below.

7.1 Experimental Setup & Methodology
The positron beam, as described in Section 3.1, produced 3 mm, ∼3.6 ns FWHM

positron pulses which were implanted into a mesoporous silica target ET at VT =

−3.5 kV to create ∼50 meV ground state Ps, see Section 3.4 for details. To control

the field within the laser excitation region (LER) a grounded grid electrode EG was

placed dTG = 8 mm from the target with the 16 mm diameter hole allowing positron

and Ps transmission through a 95 % transmission tungsten mesh, see Figure 3.14.

The Ps underwent laser excitation in the laser excitation region (LER) using a
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Figure 7.3: Schematic representation of the target chamber and waveguide in (a) the xz-
plane and (b) the yz-plane. Ps atoms (green shading) are produced by positron
beam (red arrow) implanted into a SiO2 target (yellow). The chamber is shown
in light grey, dark grey represents Al electrodes and the WG, Au antenna are in
yellow. Light blue shows the UV vacuum windows, blue shows the microwave
absorbing foam, and dark blue is the UV laser. (b) also shows the position
of the magnetic coils which are not shown in (a) for clarity. Adapted from
Reference [244].

UV laser of 243 nm at tlsr = topt. (see Section 3.5) in a field of FTG = 4.4 kV/cm.

This created the Stark mixed 2 3S′
1 state which was evolved into pure 2 3S1 by adi-

abatically switching the target electrode to 0 V after positron implantation within

trise = 35 ns to remove the electric field, the full process of which is described in

Section 3.8. The IR laser was present in this experiment for obtaining photoionisa-

tion signals, described in Section 3.6.

Retro reflection of the UV laser was implemented to minimise Doppler shifts,

as discussed in Section 3.5. The retro-reflected beam ensured that any Doppler

selection of the laser was equal and opposite, resulting in a net velocity of 0 km/s

along the axis of the laser. If ET, the laser and the waveguide are not perfectly

aligned to one another (i.e. the laser or microwaves are not propagating in the x-

axis in the atom frame of reference) then a subset of atoms with an asymmetric

velocity distribution will be selected. This can cause a Doppler shift, with the full

process discussed in Section 4.1.

After excitation the metastable Ps flew through EG where a WR-112 waveg-
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uide was mounted 12 mm from EG (see Figure 7.3, or Figure 3.14 for a close up). Ps

entered the waveguide through 90% tungsten (W) grids which was subject to defor-

mations of ∼±1 mm. Electric fields can leak through grids [183,230] and although

ET is turned off > 150 ns before any atoms reach the waveguide the rapid switching

of ET causes ringing in the output voltage of the switch, due to capacitance and

impedance mismatches in the system, see Figure 3.27. The fast Ps sees any time

varying leaked potential from ET as a spatially varying electric field. Therefore, to

minimise this field EG was added as the larger the number of grids the larger the at-

tenuation of the field leakage [230], in the previous experiment the waveguide itself

was used as the grounding plane for the LER [131].

The 2 3S1 →2 3P2 transition was driven inside the WR-112 waveguide using

a microwave setup specified in Section 3.9. An image of the waveguide is shown

in Figure 7.4. The magnetic field induced by the positron guiding coils inside the

waveguide was measured as described in Section 3.1.3, varying by ±0.5 G within

the small volume occupied by the Ps. The microwaves were applied by two stub

(monopole) antennas, designated as the +x direction (antenna on the UV laser input

side) and the −x direction (the antenna on the IR laser input side), in reference to the

direction of travel of the TE10 mode. Only one antenna at a time was used as a mi-

crowave input so the unused antenna was connected to a Keysight U8487A/N1913A

power sensor/meter combination to allow monitoring of the microwave radiation

during the experiment.

Power leveling was done for each antenna to compensate for losses in the SMA

cables and vacuum feedthroughs, this was done for all components up to the last

connection before the antenna (see Section 3.9). As a result of this the power going

into the antenna Pinput had variations of < 0.1 dBm which corresponds to a 2.3%

uniformity in power. A correction was also applied to account for the waveguide

specific power/intensity relation, see Equation 3.6.

The waveguide was open ended, with UV-coated fused quartz vacuum win-

dows < 10 mm from either end, see Figure 7.3. Simulations have shown that re-

flection effects from these windows are much lower than a full metal chamber, see
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Figure 7.4: A photograph of the waveguide and mounting mechanism before installation
into the chamber, and before mounting of the antenna and tungsten grid.

Figure 7.1. For most measurements there was >30 cm of free space outside each

window to diffuse the microwaves without reflections. As an alternative method

used to confirm the lack of reflections, during some measurements microwave ab-

sorbing foam (Eccosorb-AN-75 [172]) was used to prevent reflections outside the

vacuum chamber by placing two pads against each window, slightly offset in the

z-axis to allow lasers to enter the chamber, see Figure 7.3. This foam had a nominal

reflectivity of -25 dB in the range 8 - 9 GHz.

Four LYSO scintillation detectors as described in Section 3.2, were used in

this experiment to obtain SSPALS spectra to quantify the transfer of atoms from the

long lived 2S state to the shot lived 2P state, see Sections 3.6 & 3.9. The position of

these detectors was optimised for maximum SNR of the microwave induced signal

(see Figure 7.2).

Figure 7.5 shows saturation curves for the waveguide setup, both at Bz = 68 G

and ν = 8626.71 MHz. The −x data was recorded with microwave absorbing foam
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Figure 7.5: The saturation curve of the ν2 transition within the WR-112 waveguide as a
function of Pinput as measured by one LYSO detector. −x (no foam) shown
as red circles and +x (foam) shown as blue squares, both recorded at Bz =
68 G and ν = 8626.71 MHz. The solid curves are fits of Equation 2.25 to
the data, the solid vertical lines show the extracted saturation powers, and the
shaded bands represent the respective error. The dashed vertical line is the
experimental power Pinput = 10 mW.

present, and the +x data was recorded without the foam due to the randomised

order of the measurements. The presence of the foam is not expected to change

the saturation parameters as the foam should not significantly change the power in

the waveguide1. The saturation power of the ν2 transition for each antenna was

determined by fitting Equation 2.25 to these data sets, obtaining saturation powers

of Psat > 11.6±0.9 mW from the −x direction antenna and 11.1±0.8 mW from the

+x direction antenna. These values are in agreement and indicate that there is no

major difference in transmitted power between the antennas. The power applied for

line shape measurements was Pinput = 10 mW which is ≈ Psat to ensure reasonable

SNR but minimise power broadening.

Line shapes were recorded by measuring the Sγ parameter as a function of ap-

1This will be demonstrated by the network analyser measurements below. The saturation mea-
surements were also experimentally verified to be insensitive to the microwave frequency at which
the saturation scan was performed, reproducing saturation powers within error, meaning the Zeeman
shift at this field will not effect b.
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plied microwave frequency to observe the stimulated emission of 2S atoms to the

2P level as described in Section 3.9 and expanded upon in Appendix A. An exam-

ple line shape is shown in Figure 7.6 with an inset showing the transitions driven

whereby δMJ = 0 within the TE10 mode of the WR-112. The line shapes were fitted

with a Lorentzian to extract centroids νR and line widths Γ values (Equation 2.21).

All line shape measurements were repeated for each antenna. Measuring each

line shape from opposite directions removes any systematic Doppler shift. Most line

shapes were recorded without microwave absorbing foam present, but a subset of

the line shape measurements were repeated with the microwave absorbing foam to

ascertain its effect. If a significant change to the transition frequency was observed

by adding the foam then it would indicate that reflection effects had not been entirely

removed from the system.

Because of the unavoidable magnetic field of the positron beamline the transi-

tion frequency, νR, was measured in multiple magnetic fields from 40 - 125 G and

extrapolated back to zero-field using a quadratic fit. Bz was controlled by changing

the current of the positron guiding coils which necessitated small alignment cor-

rections to the positron beam upon changing the current. This will not effect the

line shape measurements because the Sγ parameter is self normalising to any pop-

ulation changes which result from small changes in the positron beam alignment

and size, or detection efficiency variation from changes within the photo-multiplier

tube which can be sensitive to magnetic fields though the light guides minimise this

effect also. The measured order of Bz was randomised to minimise any possible

systematic effects.

It is important to understand the broadening mechanisms present in experi-

ment because excessive broadening can reduce precision and change the required

line shape model (see Section 2.4). The limiting factor is of course the 50 MHz

natural line width of the transition. All relevant broadening mechanisms and their

estimated magnitudes are included in Table 7.1. The average width of the transi-

tion was Γ = 73.0± 0.4 MHz, averaged across all measured line shapes. As with

the previous study [132] no significant variation in Γ was observed as a function of
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Figure 7.6: An example line shape measured during this experiment for Bz = 97 G in the −x
direction, without microwave foam (red points). The line shape is fitted with a
Lorentzian (solid red), and asymmetric Lorentzian (dashed blue) fit. The inset
shows the transitions being driven by the microwaves (solid arrows) and the
subsequent fluorescence decay pathways to the ground state from the 2P state
(dashed arrows). Adapted from Reference [244].

magnetic field. This indicates that we are not sensitive to the small Zeeman split-

ting of the 2 3S1(±1)→2 3P2(±1) and 2 3S1(0)→2 3P2(0) transitions (as discussed

in Section 2.3), and that the average calculated Zeeman shift is a valid comparison

to experiment. The presence of microwave absorbing foam and the direction of

microwave propagation also showed no effect on the measured line width.

∼7.5 MHz of this broadening is calculated to be transit-time broadening, as de-

Broadening Mechanism Estimated Magnitude (MHz)

Natural 50

Power 15

Transit Time 7.5

Doppler 0.5

Measured 73.0±0.4

Table 7.1: The sources and estimated magnitudes of line shape broadening in the measured
line width of the ν2 transition as explained in the text.
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scribed in Section 2.4. This is based on the average transit velocity ⟨vz⟩= 94 km/s

as extracted from ToF data in Figure 4.2 [229], and the width of the WR-112

waveguide, d = 12.6 mm. Doppler broadening is minimal, due to the UV laser

pre-selecting slower atoms in the x-axis during excitation, and is estimated at only

∼0.5 MHz based on Equation 2.27. The remaining broadening of ∼15 MHz is

therefore attributed to power broadening due to the high degree of saturation re-

quired for a statistical error that allows measurements of the line shapes within a

reasonable time frame (typically less than a week). This is consistent with pre-

vious measurements and the relation calculated in Reference [15] of Γpower =

6.6 MHz/mW which for Pinput = 10 mW would be 16 MHz.

A vector network analyser (Agilent N5224A) was used to measure the S-

parameters [226] of the microwave circuit. This was connected to the microwave

circuit at the points shown by the green dots in Figure 3.29(b), measuring the entire

circuit, both inside and outside vacuum. The S-parameters measure the reflectivity

(e.g. S11) and transmission (e.g. S12) between two rf sources in a system, in this

case the two antenna at either end of the WR-112 with 1 being the −x antenna and

2 being the +x antenna. The voltage standing wave ratio (VSWR)2 is calculated

from the S11 parameters by the relation [226],

VSWR =
1+ |S11|
1−|S11|

, (7.1)

and is proportional to the microwave power reflected back to the source (and not

emitted from the antenna). Figure 7.7(a) shows the S-parameters for transmission,

and (b) shows the VSWR for reflection, with both examining the effect of the mi-

crowave absorbing foam. In addition (b) shows the difference between the Cube

chamber used in this work and the Cross used previously [131].

The transmission data in Figure 7.7(a) shows a close match between the power

transmitted from either antenna, with or without foam, varying by < 0.2% on aver-

age (only one data set is shown with foam for clarity). This demonstrates that the

2VSWR is defined as the ratio between the maximum and minimum voltage of the signal in a
microwave circuit assuming constant input power and frequency. This will be determined by the
standing waves formed from reflections in the system.
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Figure 7.7: (a) The transmission data measured by the network analyser S12 (solid read
is without foam and dashed green in with foam) and S21 (solid blue). (b)
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S22 for the open Cube case (solid blue). The dashed vertical line at ∆ν = 0 MHz
is the zero field νcalc

2 transition frequency.

direction of the microwaves does not significantly change the transmission between

antennas. Power loss in the cables was < 15%, as verified using the power meter

during loss compensation, but the transmission measured here was < 10%. This

loss of power between the antennas is likely due to the unknown pickup proper-

ties of the antenna, and therefore this measurement cannot be considered as the real

power variation within the waveguide, but it does indicate that there is no significant

difference in the power transmitted for each direction of the microwave radiation.

This does not rule out differences in the field distribution within the waveguide.

The reflection data in Figure 7.7(b) is shown with open windows (solid) and the

microwave absorbing foam (dashed). A VSWR of one would indicate 0% reflec-

tion with a larger value corresponding to more reflection. The two antenna do have

different reflection properties, with 1.7% and 2.8% reflection on average for the −x
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and +x antenna. But the reflection varies from ∼ 0% to 8% for both antennas. This

is small compared to the 1− 27% reflection of the Cross chamber indicating that

the previous experiment was highly affected by frequency dependent power. The

foam has a negligible effect on reflections, with the average reflection 0.3% higher

with the foam present, indicating that variation in the VSWR in the current data is

not from reflection effects. There is no way to differentiate between VSWR vari-

ation due to impedance mismatching of the microwave circuit, and due to external

reflections. This is because the pick up of the antenna will change the measured

magnitude of the external reflected component (as seen in Figure 7.7(a)). Unfortu-

nately this means that the VSWR measurements cannot be used to compensate for

frequency dependent power, as the power in the waveguide due to reflections may

be very different from the pickup response of the antenna.

7.2 Simulations
3-D Simulations of the microwave field were performed to demonstrate the effec-

tiveness of the new chamber in removing reflection effects, as mentioned in the

introduction to this chapter, and to explore the effect of construction defects in the

waveguide. These simulations were then used to model the 2 3S1 →2 3P2 transfer

rate to confirm the effect of microwave fields outside the waveguide.

7.2.1 Microwave FIT Simulations

Once again CST was used to obtain maps of the electric field component of the

microwave radiation in the experimental volume to understand the fields better. The

methods for this are described in Section 4.3. This simulation consisted of the Cube

chamber, WR-112 waveguide, target, grid, ring mounts, windows and immediately

adjacent vacuum flanges, all assigned appropriate properties from the CST materials

library. The tungsten grids on the WR-112 and EG are approximated as a tungsten

sheet 100 micron thick due to computational limitations of simulating a true grid of

r = 10 micron diameter wires, d = 500 micron apart. A simulation of a waveguide

with an approximated grid of r = 100 micron wires d = 1 mm apart without the

surrounding electrodes and chamber showed negligible microwave leakage through
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Figure 7.8: A 2D plot of the simulated Ez component of the steady-state microwave field at
ν = 8624 MHz. (a) The experimental chamber as used to take lines shape mea-
surements. (b) The experimental chamber with the addition of copper plates
against the windows of the chamber. The steel chamber is outline in black, the
waveguide and electrodes are shown in grey, and the gold antenna are shown in
yellow.

the grid.

Figure 7.8(a) shows the steady-state high intensity radiation within the waveg-

uide. Small amounts of leakage out of the sides and through the windows resulted

in a field an order of magnitude lower outside the guide compared to inside, and

a standing wave inside the waveguide. In addition to the experimental replica two

other cases were simulated: (1) the experimental setup with a Cu sheet against the

windows on both sides of the chamber to imitate the old Cross chamber, and (2)

the experimental setup with the first waveguide grid warped ∼ 1 mm inwards at the

centre to replicate grid deformation present in experiment. The warped grid does

not create any significant change in the microwave field, but the Cu plate increases

the magnitude of the reflections in the chamber and inside the waveguide forming a

pseudo-cavity, see Figure 7.8(b).

The field strength of the standing wave versus frequency has already been

shown in Figure 7.1, demonstrating the much improved power variation of the Cube

chamber. Figure 7.9 shows the simulated electric field strength along the waveguide

central axis for the cases just described. The intensity of the microwaves inside the
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z

Figure 7.9: A comparison of the simulated microwave electric field strength of the mi-
crowaves in the WR-112 for the experimental chamber (blue circles), the ex-
perimental chamber with copper plates on the windows (orange squares), and
experimental chamber with warped grids on the waveguide (green triangles).

waveguide was characterised by the electric field amplitude of the TE10 mode stand-

ing wave taken along centre axis of the waveguide which corresponds to y = 0 mm,

z = 28 mm and x =−30 to 30 mm. This range is where the Ps atoms will propagate.

The field amplitude is obtained by fitting a function to the electric field along this

axis [15],

ESW (x) = E0

√
1+q2

SW +2qSW cos [2kx(L+ x)], (7.2)

where L is the offset of the wave origin, qSW is the amplitude coefficient, kx =√
ω2

c2 − π2

a2 is the wave vector of the rf field in which ω is the angular frequency

of the applied rf radiation, and a = 28.50 mm is the height of the waveguide. This

is the same method used in Reference [15] to quantify variation in amplitude of the

field and to quantify the reflected component of the standing wave.

The Cu sheet makes the Cube setup much more similar to the old Cross cham-

ber with field variation of up to 90%. The small deformation to the grid appears to

have minimal impact on Ez, manifesting as a small systematic shift to less than av-

erage power. This may be because the cutoff frequency for the effective size of the

waveguide at these points is still less than the frequency being used for excitation
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with minimal change to the standing wave.

The polarisation of radiation in the WR-112 was calculated as described in

Section 4.3 and for all the three cases described above was > 99.9%. As expected

the radiation outside the waveguide has effectively randomised polarisation due to

it originating from reflections.

7.2.2 State Probability Simulations

State probability simulations as described in Section 4.4 were performed for the

simulated electric fields described above to determine where the microwave tran-

sitions were taking place. Initial atomic distributions were defined by the positron

beam spot size mentioned above, and for vx by a 100 GHz UV bandwidth, vy by a

∆λ = 0.078±0.001 nm Doppler width, and vz by tlsr = topt. ToF data, see Section 4.1

for details. These initial distributions were used to propagate Ps atoms through a

model of the experimental setup and the simulated microwave fields described in

the section above. From this the microwave field was obtained as a function of

time, Ez(t). This data was used as the input for the qutip.mesolve() master equation

solver which returned the state probability density over time, with decay rates and

interactions as described in Equations 4.5 & 4.4. Note the Doppler selection effects

considered in Section 4.1.1 were not included and the target, laser and waveguide

were considered to be perfectly aligned.

The magnetic field was chosen to match that used in the line shape measure-

ment shown in Figure 7.6 which was B = 97 G. This gives a transition frequency

of νZeeman = 8 611.69 MHz and a self-annihilation lifetime of τSA = 1090 ns. The

simulation was only performed for one antenna direction as the simulation was sym-

metric in the zy-plane due to practical constraints on replicating the experimental

apparatus to that level of accuracy.

The power scaling of the simulated electric field strength was chosen by match-

ing the average line width of all the collected data, 73 MHz, to a simulated line shape

of 500 atoms as described in Section 4.4. The resultant power scaling produces the

field shown in Figure 7.10(a) for a single atom travelling along the x = y = 0 axis at

a typical atomic velocity of vz = 87 km/s through the experimental setup. The am-
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Figure 7.10: (a) The simulated microwave electric field Ez as a function of time as experi-
enced by one atom travelling along the x = y = 0 axis at vz = 87 km/s. (b) The
simulated normalised rate of change in the 2S population due to stimulated
emission based on the microwave field strength given in (a).

plitude of this field is consistent with 10 mW of power confined within a WR-112

waveguide. Panel (b) displays the normalised rate of change in the 2S population

due to stimulated emission as a function of time, note the self-annihilation of the

2S state was not included to better illustrate the effect of microwaves outside the

waveguide. While the microwave field is on average 11× higher inside the waveg-

uide there is a small contribution to the loss by stimulated emission outside the

waveguide. However, the rate of stimulated emission of the 2S state population is

164× higher inside the waveguide compared to outside the waveguide indicating

this effect is negligible.

7.3 Data and Discussion
The fitted average Lorentzian centroid νR of line shape measurements is shown in

Figure 7.11 as a function of Bz for both microwave propagation directions, and
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Figure 7.11: The νR transition frequency measured for different magnetic fields. The blue
squares represent microwave propagation in the +x direction and the red cir-
cles in the −x direction. Open points were obtained with microwave absorbing
foam on the windows. The solid and dashed gray lines are the calculated Zee-
man shift and zero-field frequencies, respectively. The dashed (red and blue)
curves are fits to the data (χ2

red = 2.18 and 0.62, respectively). The dashed
green line is the average of the ν2 values. From Reference [244].

with and without microwave absorbing foam present. As well as the statistical

error on the νR values an error of ±1 G on each value of Bz is included in the

fits (with negligible effect). This error is from magnetic field variation within the Ps

interaction volume of the WR-112 waveguide and equipment precision, as measured

by the method described in Section 3.1.3. The quadratic fit made to the data was

of the form νR = aB2 + c, where the value of c is the zero-field ν2 frequency, a is

a constant, and the magnetic field B was low enough to ignore the linear regime of

the Zeeman shift [174].

In Figure 7.11 the solid points represent measurements without microwave

foam present, and the hollow points represent measurements with the microwave

absorbing foam present and the fits are single fits to the combined foam and no-

foam data sets to extract the most precise ν2 value (one for each direction). How-

ever, values obtained from separate quadratic fits to the foam and no foam data

(denoted as [F] in the table) are shown in Table 7.2. Also presented in the table are
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+x −x

qL (GHz−1) -4.5 ± 0.7 -2.2 ± 0.7

qL [F] (GHz−1) -6.7 ± 0.7 -2.7 ± 0.9

a (kHz/G2) -1.65 ± 0.06 -1.67 ± 0.06

a [F] (kHz/G2) -1.71 ± 0.07 -1.63 ± 0.09

ν2 (MHz) 8628.97 ± 0.53 8626.77 ± 0.59

νA
2 (MHz) 8629.15 ± 0.55 8626.81 ± 0.61

ν2 [F] (MHz) 8628.29 ± 0.66 8627.03 ± 0.69

νA
2 [F] (MHz) 8628.63 ± 0.70 8627.26 ± 0.71

Table 7.2: A summary of the quadratic fit parameters for both microwave propagation di-
rections, with and without foam (entries with [F] are with foam), and for the
Asymmetric Lorentz fit denoted by a superscript A. From Reference [244].

the results of quadratic fits to centroid values from asymmetric Lorentzian fits νA
R

with the associated average asymmetry values qL .

The quadratic fit parameters from the foam data match the no-foam data, with

the exception of one asymmetry value for the +x direction. The asymmetry values

are the average asymmetry of all asymmetric Lorentzian fits to each detector for

all the line shapes in that particular data set3. Across all data the asymmetry is

−4.2± 0.4 GHz−1, much better than the previous results which had qL = 23.2±

0.5 GHz−1 [132], though not as good as the horn measurements of the previous

chapter. Despite the non-zero asymmetry the quadratic fits agree whether performed

on Lorentzian or asymmetric Lorentzian data, indicating the effect of the small

asymmetry has a negligible effect on the data at the current level of precision based

on these two models.

Fitting the asymmetric Lorentz data for both foam and no-foam data sets com-

bined yields an average zero-field transition frequency of νA
2 = 8628.12±0.31 MHz

for the two propagation directions, which is just 0.14 MHz from the classical

Lorentz fit, well within error. Given the minimal asymmetry and the fact that the

zero-field transition frequencies with and without foam are in agreement it appears

that we have successfully removed reflection effects as a systematic in this new

3As with the measured line widths, qL displays no dependence on the magnetic field, indicating
a lack of sensitivity to the small Zeeman splitting in the driven transitions.
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measurement, overcoming a previously large and dominant effect.

Averaging the fitted ν2 values between the two microwave directions gives

ν2 = 8627.87± 0.27 MHz as seen in Figure 7.11, including only statistical error.

It should be noted a single quadratic fit to all data averaged at each magnetic field

(i.e. foam/no-foam and +x/−x) returns the same answer within errors but does not

account for additional variation between the two microwave propagation directions

so the average of the two directions is used as the final measured value. Indeed there

is clear variation between the microwave propagation directions. The ν
+x
2 and ν

−x
2

values differ by 1.8 MHz. To understand this better the systematic errors have to be

evaluated and will be described here.

7.3.1 Error Budget

At the current experimental precision several systematics must be accounted for.

These are summarised in Table 7.3 and important systematics are discussed fur-

ther below. Some systematics are very small, such as the second-order relativistic

Doppler effect which is calculated by ∆ν = ν2(vrms
z /2c)2, providing a shift of just

0.2 kHz for the average atom of vrms
z = 94 km/s. Another small contribution is from

rf high harmonics from the generator which can contribute up to 2 kHz in a worst

case scenario [15].4

Systematic Magnitude (kHz)

Stray Electric Fields +1.8

ac Stark +10

Quantum Interference 30

rf High Harmonics 2

Second Order Doppler 0.2

Table 7.3: The sources and magnitudes of the uncertainty in the measured value of ν2.

4Other systematics found in precision measurements are not considered here, such as pressure
shifts from atom-atom interactions which is is not relevant due to the low density of the Ps atoms of
< 105 cm−1 [59], or the frequency reference which is sub-Hz, far below our other limiting system-
atics. Likewise gravitational red shift would only be 6 Hz if the waveguide was vertical but the two
antenna would cancel this out. Electric quadrupole and magnetic dipole transitions have much lower
transition strengths than the electric dipole, and are forbidden by selection rules for the ν2 transition,
and can therefore be ignored.
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Residual Fields & Stark Effects: Time dependent electric fields will be present

in the waveguide due to ringing in the bias applied to the target electrode when it is

switched off during 2 3S1 production, as discussed in Section 3.8.1. For an average

Ps atom of vz = 94 km/s and a ringing with a period of 150 ns this translates into

a maximum spatial field of Fring = 0.03 V/m, see Figure 7.12(a), as per the data

recorded in Figure 3.27. Without the extra grid in EG this would have been 2.4 V/cm

which is much more significant than any other source of electric field that will be

discussed here.
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Figure 7.12: (a) The electric field Fring due to the ringing on the target electrode when
switching from high voltage. The solid vertical line is the time at which Ps
atoms begin entering the waveguide. (b) Patch fields Fpatch (solid blue line)
as a function of distance through the waveguide from grid to grid, which are
indicated by the dashed vertical lines. The dot-dashed horizontal line is the
average field across the whole guide. (c) Motional Stark fields FM−Stark as
a function of Bz. The dark blue part of the line is the experimental range of
fields where the trend is linear.
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Patch potentials can exist on the Al and W surfaces of the waveguide, despite

the waveguide being grounded (e.g. [88, 139]). Based on measurements that used

highly field sensitive Rydberg atoms [56, 147] the worst-case stray fields are es-

timated to be Fpatch = 3× 10−5/d2 V/m based on the maximum size of surface

defects, where d is the distance from the waveguide surface, see Figure 7.12(b).

Simulations in Figure 7.10 suggest transitions take place within the entire width of

the waveguide so the average field across the 12.6 mm wide waveguide (plus 2 mm

from the inset W grid) is therefore 0.4 V/cm. Combining the fields produced by

leakage and patch potentials gives a field of 0.43 V/cm which returns a Stark shift

of 1.8 kHz.

AC Stark Effects: The electric field component of the microwave radiation can

cause ac Stark shifts [94]. The power of Pinput = 10 mW within a WR-112

waveguide gives the amplitude of the E-field component of the microwaves to be

Ez = 1.02 V/cm which would cause ac Stark shifts of approximately 10 kHz5. This

is an upper estimate as the power coupled into the waveguide will not be the full

input power due to losses from the open end of the waveguide and the unknown

antenna gain.

Motional Stark Effects: When an electric dipole passes through a magnetic field

transverse to its direction of motion an electric field is induced [81]. This electric

field is defined by F⃗M−Stark = v⃗ × B⃗ where v⃗ is the velocity vector and B⃗ is the

magnetic field vector. The motional Stark field comes primarily from the transverse

vy motion across Bz as these are the largest v⃗ and B⃗ components possible. The

maximum perpendicular field is B⊥ = 1 G which causes a < 0.2 V/cm field and

can be ignored. FM−Stark is calculated from the rms velocities and the worst case

magnetic field of v⃗ = (15,96,94) km/s and B⃗ = (1,1,Bz) G, see Figure 7.12(c).

This has a linear dependency of 0.1 Vcm−1/G with a range of 3.8 - 11.6 V/cm

within experiment which would cause a maximum Stark shit of 1.3 MHz. Because

the Stark shift in this regime is linear the final shift will be ∆ν ∝ B2
z which means

the quadratic fit to the data will extrapolate this systematic back to zero as well as
5The field is calculated according to I = Pinput/A where A = 28.5× 12.62 = 360 mm−2 is the

area of the waveguide and Ez =
√

377I



7.3. Data and Discussion 182

the Zeeman shift.

Quantum Interference: For this kind of experiment it has been established that

QI shifts depend on the orientation of the gamma-ray detectors and the weighting

of each allowed transition [15]. This is because both the direction of annihilation

quanta and the QI are dependent on the MJ state of the atom (and thus the ∆MJ of the

microwave transitions) [15], see Equations 2.8. Because the gamma-ray detectors

do not cover a full 4π solid angle they will preferentially measure certain decay

paths more efficiently, changing the overall effect of QI. The QI will also depend on

the level of saturation of the transition [15]. This is related to ’flat-top’ line shapes

that are produced at high microwave power, as discussed in Section 2.4. This effect

compounds QI shifts resulting in larger QI shifts at higher power. A calculation

with realistic experimental parameters leads to a shift of less than 30 kHz for a

worst case scenario [15]. There is also an associated asymmetry but the degree of

this asymmetry is far below the statistical error of this experiment to resolve. As

indicated by the possible shifts of 30 kHz in a Lorentzian line shape compared to

the > 1 MHz error on individual measured line shapes in this work. As we cannot

account for this with a full line shape model the QI effect is included as a systematic.

Polarisation Effects: Several possible effects can cause ∆MJ = ±1 transitions to

be driven within the waveguide or unequal weighting of the ∆MJ = 0 set of transi-

tions, despite the dominance of the TE10 mode. (1) Microwave polarisation changes

induced by waveguide defects and at the grids can cause shifts, however, polarisa-

tion changes at the grids have been modeled and lead to just +3 kHz shifts [15].

(2) Misalignment of the waveguide to the magnetic field would result in some

∆MJ = ±1 transitions. This effect has been modelled and could lead to +32 kHz

shifts for an exaggerated 10◦ misalignment [15]. (3) 22Na emits spin polarised

positrons which have been estimated to be on the order of 30% for similar positron

beams [65]. This will result in unequal weightings of the 2S MJ values upon pro-

duction but only a 2 kHz shift in the line shape [15].

All these effects are small but given the lack of change in the a parameter

of the quadratic fits between the microwave propagation directions and the consis-



7.3. Data and Discussion 183

tency with theory for purely ∆MJ = 0 transitions these effects are either not present

or below our current level of sensitivity. In addition, as long as these effects are

consistent across the scanned range of Bz, which they should be, any effect will

extrapolate back to the zero-field frequency with no effect at zero field where all

transitions are degenerate.

Doppler Shifts: Doppler shifts could result from an asymmetric velocity distribu-

tion in the direction of propagation of the microwaves. Recoil Doppler effects6 and

laser wavelength drift are eliminated by retro-reflection of the laser. In this experi-

ment Doppler shifts must originate from misalignment of the Ps, laser and waveg-

uide. Simulations of the velocity distribution and the angular selection effects have

already been done in Section 4.1 based on an estimated maximum misalignment

of ±6◦. From this we estimate the maximum Doppler shift should be ±260 kHz,

but averaging the two microwave propagation directions should remove this sys-

tematic entirely. This, however, raises the question of how there can be a 1.8 MHz

difference in the measured transition frequency for the two microwave propagation

directions, three times as large as expected.

7.3.2 Final Result

The relevant systematic uncertainties described above provide a conservative sys-

tematic uncertainty estimate of 100 kHz. However the 1.8 MHz direction difference

is still not explained. Stark effects should not depend on the direction of the antenna,

and neither should QI or other line shape model effects. Even the maximum Doppler

shift of 260 kHz per propagation direction cannot explain the 1.8 MHz difference

between the fits.

The data from the network analyser, see Figure 7.7, has demonstrated power

variation from the antenna of 0−8%, but the lack of effect of the microwave foam

on the measured lineshapes demonstrates this is not due to reflection effects. We

are therefore forced to conclude we have an additional systematic due to either (1)

internal waveguide effects, or (2) variation in the gain between the two antennas that

6Recoil Doppler effects occur during laser excitation whereby the photons give the Ps extra
velocity in the direction of propagation of the laser. For 243 nm this is 1.5 km/s per atom based on
vrecoil = h/2meλUV.
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was not corrected for. Either of these effects will behave similar to reflection effects,

causing changes in power at different microwave frequencies, once again resulting

in an incomplete line shape model. The former effect could cause frequency depen-

dent power variation and spatial variations in the TE10 mode, independent of Pinput.

This may result in very different power variation at the antennas compared to the Ps

interaction region, making it hard to quantify. The latter effect would cause varia-

tion in Pinput, and could not be differentiated from external reflection effects using

the network analyser. Either of these effects could explain the 0 - 8% variation in

measured reflection shown in Figure 7.7.

Internal waveguide effect can include standing waves formed at the grids [74],

or imperfections in the waveguide construction and impedance matching. Simula-

tions, see Figure 7.9, have demonstrated that distorting the grids axially by 1 mm

has a minimal effect on the microwave field amplitude inside the waveguide, but

other effects such as low reflectivity surfaces or bad joins between the walls of the

waveguide may distort the TE10 mode. Any improper impedance matching of the

two antenna may cause significant frequency dependent power variation. Power

variation was corrected for up to the antenna, and during this work the microwave

circuit was decoupled and recoupled to each antenna between the foam and no-foam

measurements. Given that the foam and no foam data sets agree the current level

of precision would appear to not be sensitive to the level of impedance variation

caused by the cables. However, if the antenna drastically changed the impedance of

the system it could cause significant power variation.

We take a conservative estimate of this new systematic to be the 1.8/2 =

0.9 MHz. Thus, our final value is 8627.94 ±0.30stat.±0.91sys. MHz which is com-

pared to historical measurements and theory in Figure 7.13. This value is 1.23 MHz

(1.3σ ) away from theory and is therefore in broad agreement.

To minimise any effect which may cause frequency dependent power several

measures can be taken:

• The size of the grids can be reduced and their flatness improved using push

fit connectors to hold the mesh taut, similar to EG, see Figure 3.15.
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8620 8625 8630
Transition frequency (MHz)

Theory : 8626.71 ± 0.08 MHz
UCL 2022: 8627.94 ± 0.95 MHz
Mainz 1993: 8624.38 ± 1.50 MHz
Michigan 1987: 8619.6 ± 2.9 MHz
Brandeis 1975: 8628.4 ± 2.8 MHz
Average: 8626.54 ± 0.75 MHz

Figure 7.13: All precision measurements of the 2 3S1 → 2 3P2 interval over almost 50 years,
obtained by by groups from Brandeis [196], Michigan [140], Mainz [134]
and the present work (UCL 2022). Where available, systematic and statistical
errors have been added in quadrature. The vertical line represents the theory
value, taken from [83]. The yellow star represents the weighted average of all
current measurements. Adapted from Reference [244].

• The number of joins between the waveguide internal surfaces can be reduced

by constructing the waveguide as one part with high precision machining and

highly polished surfaces.

• The microwave circuit to each antenna can be impedance matched and fixed in

place to minimise the possible frequency dependent power variation between

antennas.

• To ensure that external reflection effects are minimised and that there is no

impedance mismatch at the end of the waveguide, which once internal effects

are resolved may become the dominant systematic error again, in-vacuum

waveguide terminators can be designed using CST and in situ measurements

with the vector network analyser.

In addition to these measures, the 2 3S1 → 2 1P1 (which is possible to excite in a

magnetic field) and 2 3S1 → 2 3P1 transitions at ∼ 11.2 GHz and ∼ 13.0 GHz, re-

spectively, both fall within the range of a WR-75 waveguide. By measuring both of

these transitions from both microwave propagation directions it would be possible
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to confirm if any observed shift is consistent with Doppler shifts at the respective

wavelengths, or if it is uncorrelated microwave effects.

To fully understand and quantify fields within the waveguide, fine structure

transitions in Rydberg He are being used, which are well mapped and understood,

specifically the 37 3p → 37 3d transition. Supersonic beams of He are more localised

than fast Ps beams, travelling at around 2 km/s for a room temperature source, with

a diameter of only a few millimeters [135]. This allows the rf field to be measured

across the width of the waveguide by pulsing the microwave radiation when the He

is at different locations within its 7 µs transit of the waveguide. This can be used

to make a full 3-D map of the electric and magnetic fields within the waveguide

as well as verify directional asymmetries in the microwave field as determined by

shifts and broadening of the measured line shapes.

7.4 Conclusions
Using microwave radiation propagated in a WR-112 waveguide we have mitigated

the significant effects of microwave reflections and eliminated Doppler effects to

perform the most precise measurement of the Ps 2 3S1 → 2 3P2 interval to date of

8627.94 ± 0.95 MHz, that is a precision of 110 ppm. This is 1.3σ from the theory

value of 8626.71 ± 0.08 MHz. If all historical measurements are combined then

the experimental measurement of this transition stands at 8626.54 ± 0.75 MHz, in

agreement with theory.

However, a large systematic uncertainty has been identified, stemming from

waveguide and microwave circuit imperfections, causing apparent shifts in the tran-

sition frequency that depended on the microwave propagation direction but which

cannot be explained by Doppler shifts. Even if a much more precise design of the

microwave apparatus and circuit are made involving simulation in CST and prac-

tical testing using a vector network analyser, this methodology of fine structure

measurements would appear to have significant limiting factors. As a result of this,

new measurements using interferometry techniques have been proposed [37] with

the apparatus having been built [211] and initial measurements underway.



Chapter 8

General Conclusions

Three measurements have been performed on n = 2 Ps as a means to test bound

state QED in a lepton-only system. The first measurement in Chapter 5 was that

of the annihilation lifetime of the metastable 2 3S1 state, measured by determining

the loss in population of 2S atoms over time, correcting for additional losses with

long lived Rydberg states. This yielded a result of Γ2S = 843±72 kHz which is in

agreement with the Zeeman adjusted theoretical value of 890.0±1.4 kHz, but with

an 8.5% error it cannot be considered a precision measurement. This is the first

measurement of an excited-state Ps annihilation decay rate and several methods of

improving this technique have already been given, including using colder Ps and

a better detector setup with large solid angle coverage. A better setup would also

enable the measurement of the 2 1S0 annihilation decay rate by measuring the 2 3S1

decay rate as a function of magnetic field and extrapolating back to zero-field, much

like the previous p-Ps decay rate measurements [16].

The second measurement, in Chapter 6, evaluated the effect of microwave re-

flection on line shapes of the Ps 2 3S1 → 2 3P2 interval using free space microwave

radiation from a horn antenna. The technique is sufficient to saturate the transition,

but rotation of the horn antenna caused large apparent shifts in the symmetric mea-

sured transition frequency of ±4 MHz. These were attributed to reflection effects

causing frequency dependent power, with no other source of shifts large enough to

explain the effect. This makes precision line shape measurements with horn antenna

subject to large and unpredictable apparent shifts when performed in environments
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with significant reflective properties like vacuum chambers. This will also effect

any measurement with an open microwave system, and confirms the previous fine

structure measurements at UCL [131,132] had a reflection dependent systematic of

several MHz whether they displayed asymmetry or not.

This type of reflection effect may be relevant for proposed measurements of

the Rydberg constant using THz radiation to drive the n = 21 → 24 transition at

874 GHz. This frequency uses a WR-1.0 waveguide which has dimensions of

0.254× 0.127 mm. Because it is not feasible to propagate Ps through a structure

this small, free space radiation will have to be used despite the problems identified

here. This will require the minimisation of reflection effects, likely through a highly

collimated and efficiently terminated THz beam with a narrow intersection with the

Ps ensemble to minimise possible selection effects and position dependent power

and polarisation.

The final measurement, in Chapter 7, was the most precise experimental deter-

mination of the 2 3S1 → 2 3P2 energy interval to date. Designed to test bound state

QED this measurement obtained a value of 8627.94 ± 0.95 MHz, in broad agree-

ment with the theoretical value of 8626.71 ±0.08 MHz with a difference of 1.3σ . If

all historical measurements are combined then the best experimental measurement

of this transition is 8626.54 ± 0.75 MHz, in agreement with theory. Unfortunately

this is not precise enough to conclusively test the O(α6) order correction which has

a 1.46 MHz shift from O(α5) and is therefore well within 2σ of the measurement.

Despite a two-fold improvement in precision over previous studies this mea-

surement was limited by persistent microwave field related systematic effects as

identified in this measurement by a 1.8 MHz difference between the measured tran-

sition frequency for opposite microwave propagation directions. To overcome the

limitations of reflection, structural and impedance matching related effects in these

naturally wide line shapes an alternative method is required. An experiment has

recently been proposed [37] (and is under construction [211]) to utilise the sepa-

rated oscillatory fields (SOF) [228] and frequency-offset separated oscillatory fields

(FOSOF) [265] techniques which use Ramsey type interferometry to get around
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some of the problems outlined in this thesis.

The SOF technique exposes the 2S Ps to two regions of microwave radiation of

the same frequency with a π or 0 rad phase offset. Subtracting line shapes produced

by the two different phase offsets produces an interference signal from which the

transition frequency can be extracted. The first region excites the 2S atoms to a

superposition with the short lived 2P state, 2S’, and the second re-excites them

back to the long lived 2S state for detection. By increasing the spatial separation

between the two microwave regions longer lived 2S’ states can be selected, reducing

the natural line width (known as uncertainty principle narrowing), albeit with a

sacrifice of signal. Further reduction of the line width comes from interference

narrowing due to the effect of the two field regions and their phase offset [106]. A

narrower line width will increase the precision of the fitting and reduce the effect

of any frequency dependent reflections present in the geometry of the experiment.

Though once any measurement reaches a precision of ∼ 100 kHz QI effects will

need to be included in the line shape model [15].

The SOF technique requires fast Ps to allow a statistically significant frac-

tion of the 2S’ Ps produced by the first field region to survive to make it into the

second field region1. A fast metastable 2S Ps beam with a tunable energy range

of 10 - 120 eV and an angular divergence of just 4.2◦ has been constructed using

positron collisions with Xe gas to make the metastable 2S state directly with 10%

efficiency [211]. If the two regions of field are defined by two waveguides placed

63 mm apart a 40 eV beam would take 27 ns to transit the field free region between

the two. The 2S’ state would suffer a 99.98% loss in this time, demonstrating the

need for a fast beam. The waveguides can be placed closer together but this lowers

the amplitude of the interference signal and increases the line width. Because this

gas cell beam works in transmission geometry it is also possible to properly termi-

nate the magnetic fields used for positron guiding, enabling the measurement to be

done is low magnetic fields and not requiring the Zeeman extrapolation used in this

1Unless a much colder source of Ps can be produced to perform time separated SOF, rather than
spatially separated SOF. This could also be achieved with trapped Ps, which may soon be possible
using Rydberg atoms in electric fields [148] or laser cooling [245].
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work.2

SOF measurements can still suffer from reflection and waveguide induced fre-

quency dependent power. A FOSOF measurement, unlike SOF, totally removes any

dependence on line shape model, not only rendering reflection effects irrelevant but

also QI and internal waveguide systematics [37]. Like SOF, this technique uses two

regions of separated field but the radiation in each region has a small frequency

offset. This frequency offset induces a phase difference in the interference signal

which is linearly dependent on the frequency offset and the resonance frequency.

Other systematics such as Stark, Zeeman and Doppler shifts are still relevant but

these are easier to control and compensate for. This technique may also be used to

expand the microwave spectroscopy of Ps into the n = 3 state [12] fine structure,

the n = 2 hyperfine splitting [50] and further measurements of CP violation [74].

Although more progress is still required until Ps bound-state QED tests can ri-

val theoretical calculations (an improvement of two orders of magnitude in precision

is needed) and the measurement precision of other test-species (an improvement of

six orders of magnitude in precision is needed to be comparable to studies of H),

the purely leptonic nature of Ps makes it a valuable tool in understanding possi-

ble matter/antimatter asymmetries and answering why the universe is so dominated

by matter. In conclusion, this work presents the latest update to precision tests of

bound-state QED within Ps atom, and represents a step forward in the techniques

used to do so.

2Using this fast, energy tunable beam another method to measure the n= 2 fine structure intervals
would be to use a fixed periodic structure, similar to that used by Nagata et al. who measured
the ground state hyperfine interval of Ps using an energy tunable beam derived from accelerating
Ps− ions [209]. A structure with a periodicity of a = 400 µm would allow excitation of the ν2
transition within the energy range of the 2S beam (20 - 120 eV [211]). This method removes the
effect of microwave frequency dependent power variation. However, a high precision measurement
is unlikely due to difficulties in manufacturing the structure, and the broad 1 eV energy spread of the
2S beam.
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Appendix: Line Shape Analysis

Line shapes of the ν2 transition are obtained as described in Section 3.9. An Sγ

value is obtained where the signal is 2S atoms with microwave radiation present

and a background of 2S atoms with no microwave radiation present. Sγ is measured

for a range of frequencies with a higher measurement density within the expected
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Figure A.1: Line shapes recorded for one data run at 119 G and 10 mW propagating in the
−x direction with no microwave absorbing foam present using the methods in
Chapter 7. The amplitudes have been normalised to that of Detector 1 and the
vertical line is the fitted νR value of each line shape. The red circles are the
measured data and the solid red line is a Lorentzian fit.
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Figure A.2: The fitted Lorentzian centroid as a function of the integration parameter B for
one data run at 97 G made using the setup described in Chapter 7 (10 mW, +x
direction). In this case A = -30 ns and C = 1600 ns.

range of the centroid to enable better constraint of the fitted Lorentzian function

to νR. The window of denser points is ±50 MHz to ether side of the calculated

QED transition frequency, 1.75× larger than the expected Zeeman shift. The data

acquisition time for a single line shape data run varied from ∼ 12 to 72 hours,

depending on the signal-to-noise ratio (SNR) of the data.

Each line shape is measured on multiple LYSO detectors and the data process-

ing on each detector is separate up to and including the Lorentzian fitting. The line

shape data presented in Chapters 6 & 7 is obtained with the methods described here,

where the final νR, Γ and qL values presented in this work are averaged across mul-

tiple detectors and data runs. Figure A.1 shows the line shapes measured on four

detectors for the data presented in Chapter 7 at 119 G and 10 mW propagating in

the −x direction with no microwave absorbing foam present. For data taken using a

waveguide the power correction of Equation 3.6 is applied to each line shape before

function fitting.

For each line shape the integration parameters A, B and C are fixed at values

that give the maximum SNR for the point of maximum amplitude. However, de-

tuning the microwaves from νR changes the Rabi frequency of the transition, and

therefore the rate of transfer from the 2S → 2P state which can cause the time at



193

1 2 3 4
Detector

8601

8604

8607
R
 (M

H
z)

Average: 8604.10 ± 1.09 MHz
Data

Figure A.3: The value of νR as extracted from the data in Figure A.1 for each detector. The
dashed line and shaded band represents the weighted average of the data and
the associated error.

which Ps annihilates to be later at more off resonant microwave frequencies. Be-

cause Sγ is dependent on fixed time windows the Sγ parameter may not be a true

representation of the change in population if this change in annihilation time at

highly detuned frequencies has a significant effect. This is because changes in the

time at which annihilation occurs due to a detuned microwave frequency may cause

events to move from the AB window to the BC window of the SSPALS spectra. This

could cause the measured signal to be lower or higher than a true representation of

the amount of 2S atoms that annihilate due to the applied microwave radiation.

To test if the integration window effects the measured transition frequency an

example line shape was fitted with a Lorentzian for different values of B, because

B has the most influence on the measured Sγ . This data is shown in Figure A.2

and demonstrates that νR has no dependence on B, therefore the choosing of the

B parameter for optimum SNR is valid. Note this data is for a different set of

parameters than the other data presented in this appendix.

Figure A.3 shows the centroid extracted for each detector displayed in Fig-

ure A.1. The weighted average of all fit parameters is made using the Python

numpy.average() function [137]. The weights w are calculated from the error σ
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Figure A.4: The detector averaged νR for four different data runs for the same experimental
parameters: 119 G and 10 mW with the microwave radiation propagating in
the −x direction without microwave absorbing foam present. The dashed line
and shaded band represents the weighted average of the data and the associated
error.

of each data point by w = 1/σ2. The error of the weighted average is σaverage =

1/
√

∑i wi where i is the number of values being averaged. The final result of this

calculation is shown in Figure A.3 for the centroid values.1

For each unique set of parameters (i.e. magnetic field, microwave power, prop-

agation direction etc.) it is typical that multiple data runs will be made to obtain a

level of statistical error that is comparable on all measured sets of parameters. For

example, this is typically between 1 − 2− MHz for values of νR. This would

allow the immediate observation of large effects, but cannot be improved much fur-

ther due to the often long data acquisition time already required to reach this level

of precision. Certain experimental configurations inherently have higher statistical

error due to detector placement, microwave power etc. And the data acquisition

is broken up into multiple runs to facilitate maintenance to the positron beam (i.e.

growing a new moderator), the lasers (i.e. a dye change or Doppler scan to verify

UV wavelength) or other such circumstances which can reduce statistical error. Fig-

ure A.4 shows the value of νR already averaged across detector for four data runs

1Note this weighting is also used for the lifetime measurements in Chapter 5.
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for the same experimental configuration as in Figures A.1 & A.3. These are then

averaged using the same weighting method as discussed above to produce the final

result for this unique set of experimental parameters.
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[182] B. Mansoulié. Status of the GBAR experiment at CERN. Hyperfine Interact.,

240, 2019. doi:10.1007/s10751-018-1550-y.

[183] Valter Mariani Primiani, Franco Moglie, and Anna Pia Pastore. Field pen-

etration through a wire mesh screen excited by a reverberation chamber

field: FDTD analysis and experiments. IEEE Transactions on Electromag-

netic Compatibility, 51(4):883–891, 2009. doi:10.1109/TEMC.2009.

2032650.

http://dx.doi.org/10.1007/BF02064517
http://dx.doi.org/10.1007/BF02064517
https://doi.org/10.1007/BF02064517
https://doi.org/10.1007/BF01608499
https://doi.org/10.1016/j.apsusc.2008.05.210
https://doi.org/10.1016/j.apsusc.2008.05.210
https://doi.org/10.1063/1.2844888
https://doi.org/10.1088/0026-1394/22/1/003
https://doi.org/10.1088/0026-1394/22/1/003
https://doi.org/10.1007/s10751-018-1550-y
https://doi.org/10.1109/TEMC.2009.2032650
https://doi.org/10.1109/TEMC.2009.2032650


Bibliography 219
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