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Positronium: a great system for fundamental physics tests….. 
But there are some difficulties when it comes to experimentation:

There are never enough of them (efficiency)
They don’t live very long (lifetime)
They tend to go all over the place (divergence)
They are light and therefore fast (Doppler)

 I will discuss some things we can do about this, and what we might then be able to do in the future.







1991: 1s-2p excitation, and Rydberg Ps is produced

First observation of Rydberg Ps: Ziock et al, 1990. They used the LLNL positron beam, at the time said to be the most intense in the world, with an average intensity of > 109 positrons/sec, and ~ 105 positrons/pulse (15 ns) at more than 1 KHz. 
K. P. Ziock et al., Phys. Rev. Lett. 64, 2366 (1990)







Cliff Surko and Al Passner with the first buffer gas positron trap at Bell Labs (in Allen Mills’ lab)
1989: Surko Leventhal & Passner demonstrate positron accumulation. Now it is possible to obtain high intensity pulsed beams without large facility based devices. This changed the game 




Two-stage Surko-type buffer gas trap:
105 positrons/pulse
1 Hz
Pulse width 3 ns FWHM
Spot size 4 mm FWHM
Very well suited to Ps excitation with standard pulsed lasers
Rev Sci Inst. 86, 103101 (2015). 
1s-2p excitation requires abut 5 nJ/cm2 in a 5 ns pulse per natural linewidth:

This would be great, except that we have a huge amount of Doppler broadening so we actually need to cover 500 GHz instead of 50 MHz, and thus we need 10,000 times more laser intensity 


Laser induced changes in the amount of Positronium present may be observed via annihilation radiation using single-shot lifetime spectra:   









lutetium yttrium oxyorthosilicate (LYSO) based  detectors are much better for single shot lifetime measurements than PWO when looking at long-lived (Rydberg) atoms
n = 45 Ps is field ionized shortly after production
N = 12 Ps hits the chamber wall around 500 ns after production
PWO: Crystal = 2k$, PMT = 2.5k$ (proteus/Hamamatsu)
LYSO: Crystal(s) 195$, PMT 80$ (ebay)
Nuclear Instruments and Methods A, 828 163 (2016)
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Signal to noise ratio is much improved with LYSO because there is much more light
PWO ~ 1% NaI, 12 ns
LYSO ~ 75% NaI, 40 ns
PWO: Crystal = 2k$, PMT = 2.5k$ (proteus/Hamamatsu)
LYSO: Crystal(s) 195$, PMT 80$ (ebay)
Alonso et al NIM B 2016 (accepted)




Mean free path depends on pore size ~ 2-10 nm typical

Film thickness ~ 50-500 nm

Positron implantation


Positron diffusion (< 1 ns)

Positronium formed in bulk material



Positronium bulk diffusion (< 1 ns)

Positronium emitted into voids 










Confined Ps: formation in porous (silica) films




Lasers probe
vacuum Ps 
Lasers probe Ps inside the pores and/or in vacuum 
















Positronium escapes into vacuum or  annihilates in void      (t ~ 10-100 ns) 








l ~243 nm 
= 532 nm 
= 740 nm 



Ps formation in isolated 32 nm pores: Porosity ~ 40% 
Excitation by laser to 23PJ levels leads to annihilation (not sure why)   



1 Hz rep rate
3 ns, 105 e+/pulse
Multi-event detection

When Ps leaves the silica we can excite it to n = 2 and then to Rydberg states: The resolution of our resulting spectra is limited by the large bandwidth of our UV laser, and by Doppler broadening: 
Phys. Rev. Lett. 114, 173001 (2015) 



We have fewer positrons/pulse than LLNL linac beam, but orders of magnitude better detection efficiency: Surko trap is enabling technology, but better detection methods are necessary to make proper use of it.  
(a) Ziock et al PRL 1991;  (b) Wall et al PRL 2015 (PWO)



Ps inside the porous film: Shift and narrowing of Ps 1S-2P transition



Difference between (b) and (c) is a time delay of 10 ns. The increasing yield of vacuum Ps indicated the emission time of Ps from the porous film 
The effect of the cavity on the line center of the transition is to shift it to shorter wavelength and Dicke narrow the line. An optical lattice might provide an easily controllable and uniform structure. 
Phys. Rev. Lett. 106, 023401 (2011) 





Time of flight measurements are improved if you use lasers for the detection. This also allows better spatial resolution

TOF measures the longitudinal energy. Instead of looking for spontaneous annihilation events through narrow slits we can photoionize Ps where and when we want, and hence obtain TOF spectra more efficiently. 
Deller et al. NJP 17 043059 (2015)



Rydberg Ps lifetimes can be measured by time of flight

Count rate is low because of the divergence of the Ps source




Global fitting to TOF distributions: works best when lifetime is less than flight time
 
Assume n = 20 has no fluorescence decay:
NB: Stark state lifetime scale as n4 and not n3 as pure l states: this give longer-lived Ps for “free”
 Phys. Rev. A 93 062513 (2016).





Rydberg-Stark “Filter” 
Phys. Rev. Lett. 114, 173001 (2015) 
Some states are field ionised and unable to pass through a grid for certain fields, hence the wavelength dependent inversion, for different k states 
Due to the laser bandwidth and Doppler effects we can only resolve up to ~ n = 30. The inverted signal is due to atoms that decay at different times (ie if they are field ionized or just decay radiatively)




Stark states (n = 11)


Increasing the electric field in the excitation region splits the line (Stark effect). Limited spectral resolution  means large fields are  needed to resolve (sort of) individual Stark states. The asymmetry comes mostly from the Stark effect on the intermediate n = 2 states
Phys. Rev. Lett. 114, 173001 (2015) 


Why do we need Rydberg states? 
Long lifetime and large dipole moment…..

Dipole moments can be quite large for experimentally accessible states (100-10,000 D)

Lifetimes can also be long (0.1-1 ms)

This completely changes the type of experiment you can do with Ps atoms…..





Guiding Rydberg Ps with an electrostatic quadrupole field 

The quadrupole guide is at ground potential when the positron pulse passes through. The it is turned on (in 10 ns) after the Ps is excited
Detector A measures single-shot lifetime data

Detectors B and C measure single events
Phys. Rev. Lett. 117, 073202 (2016)



Stark-state 
dependent transport

Phys. Rev. Lett. 117, 073202 (2016)




Phys. Rev. A 95, 033408 (2017) 
Production of 2 3S1 states by single photon excitation



The quadrupole guide is very simple, but also very useful. Can be used for scattering experiments (see Swann et. al. PRA 93 052712 (2016), or perhaps for loading an electron-positon plasma device.  

Can see the same effect for other n values. Constant count rate indicates that guiding is at maximum efficiency already


Curved guide: useful for getting the Ps beam off the positron trap axis, and also acts as a velocity selector

Phys. Rev. A 95, 053409 (2017) 


Simulations of curved guide:

At intermediate fields atoms are guided along the straight section but then escape at the bend. At high fields they do not escape, but will be either guided or field ionized
NB: Simulation doesn’t show the ionization so it looks like everything is guided at the highest field. 
Red lines are high field seekers


Velocity selection: initial distribution somewhere between no guide and straight guide. Mean speed roughly 180 km/s, reduced to 90 km/s by curved guide


TOF distributions show Ps atoms that are able to travel to the end of the guide (D4/5) and atoms that do not go around the bend (D3)
Phys. Rev. A 95, 053409 (2017) 


Velocity selection is not ideal for Ps experiments because of the low number of atoms. Slowing down fast (Rydberg) Ps atoms can be done via Stark deceleration: need time varying fields for this.

S. D. Hogan, et al., Surface-Electrode Rydberg-Stark Decelerator, Phys. Rev. Lett. 108, 063008 (2012) 
Experiment (a) and simulation (b) of Stark acceleration and deceleration of n = 31 Hydrogen atoms
If it can be implemented with reasonable efficiency this technique could also be very useful for many different experiments using Ps, especially scattering and spectroscopy



microwave spectroscopy of n = 2 and Rydberg  Ps with Rydberg Helium field characterization. 
Can use He as a way to map out the magnetic and electric fields in the Ps excitation region to allow for accurate field cancellation. Longer term plan is to perform optical transitions (e.g., n = 25 -2) to measure Ps Rydberg constant: ultimate goal is to get to part in 1012 but this will require extremely good field cancellation.




Phys. Rev. A 95, 033408 (2017) 
Production of 2 3S1 states by single photon excitation




Circular polarization. No field applied in the excitation region. Approximately 5 GHz wide dye laser, with beam focussed to a spot of size 0.5 mm by 0.1 mm (1/e waist). Pulse energy ~ 10 mJ in 5 ns. 
Helium 2-photon excitation scheme:
In order to achieve better state selection and avoid the limited overlap of the laser with the Doppler broadened transitions we will attempt to produce Rydberg Ps via a two-photon transition. Initial test experiments done with metastable Helium: 

Wall et al. Phys. Rev. A 90, 053430 (2014)


Example of Precision Helium two-photon microwave spectroscopy with field cancellation: resolution seems to be limited mostly by the interaction time of the He beam with the microwaves

Deller et al. To be published 


Directions of future work: 
Find improved sources of cold Ps……
Better resolution of Rydberg states (improved lasers)
Microwave spectroscopy of n = 2 levels (fine structure)
Improve control of Ps motion with electrostatic fields
Ps manipulation with time varying fields: deceleration/focusing
Creation of long-lived circular states (with microwaves)
Microwave spectroscopy of Rydberg levels (Rydberg constant)
Cancellation of electric fields for optimal microwave resolution 
Optical transition (n = 25 to n = 2: Better Rydberg constant)
Ps scattering, e+A production (Phys. Rev. A 93, 052712 (2016)) 
Thank you for your attention
antimattergravity.com
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4 D. B. Cassidy: Experimental progress in positronium laser spectroscopy



Transition e+ source Laser Comments year Ref.



1 3S1 ! 2 3PJ RI/gas L No signal observed 1954 [94]



1 3S1 ! 2 3PJ RI/gas L Signal not statistically significant 1974 [95]



1 3S1 ! 2 3S1 MB P First unambiguous Ps excitation signal 1982 [96]



1 3S1 ! 2 3PJ MB P Precision measurement (12 ppb) 1984 [97]



1 3S1 ! 2 3PJ L P Ps Lyman-↵ 1990 [98]



1 3S ! 2 3P ! n 3S/n 3D L P First Rydberg Ps 1990 [99]



1 3S1 ! 2 3S1 M P Photoionization by 532 nm laser 1991 [100]



1 3S1 ! 2 3S1 M CW Precision measurement (2.6 ppb) 1993 [101,102]



1 3S1 ! 2 3PJ ST P Doppler spectroscopy of Ps 2010 [103,104]



1 3S1 ! 2 3PJ ST P PsX formation on semiconductors 2011 [105–107]



1 3S1 ! 2 3PJ ST P Ps cavity shift and narrowing 2011 [108]



Ps� ! Ps + e� L P Photodetatchment of Ps� ions 2011 [109]



1 3S1 ! 2 3PJ ST P Excited Ps in Paschen back regime 2011 [110]



1 3S ! 2 3P ! n 3S/n 3D ST P E�cient Rydberg Ps production 2012 [111]



Ps2 ! Ps + e�+ e+ ST P Molecular Ps spectroscopy 2012 [112]



Ps� ! Ps + e� L P Energy tunable Ps beam 2011 [113]



1 3S1 ! 2 3P0 ! 1 1S0 ST P First optical Ps hyperfine measurement 2012 [114]



1 3S ! 2 3P ! n 3S/n 3D ST P Doppler corrected Balmer spectroscopy 2014 [115]



1 3S1 ! 2 3S1 RI CW Annihilation of 2 3S1 states 2015 [116]



1 3S ! 2 3P ! n 3S/n 3D ST P High-precision Rydberg TOF 2015 [117]



1 3S ! 2 3P ! n 3S/n 3D ST P Selective production of Ps stark-states 2015 [118]



1 3S1 ! 2 3PJ ST P Laser enhanced Ps TOF 2015 [119]



1 3S1 ! 2 3PJ ST P Ps Lyman-↵ 2015 [120]



1 3S1 ! 2 3PJ ST P Ps cooling in transmission targets 2015 [121]



1 3S1 ! 2 3P0 ! 1 1S0 ST P Stark and Zeeman mixing of n = 2 Ps 2015 [122,123]



1 3S ! 2 3P ! 30 3S/30 3D ST P Ps Stark-states 2016 [124]



Ps� ! Ps + e� L P Ps� ion shape resonance 2016 [125]



1 3S ! 2 3P ! n 3S/n 3D ST P Measurement of fluorescence lifetimes 2016 [126]



1 3S ! 3 3P ! n 3S/n 3D ST P n = 3/Rydberg excitation 2016 [127]



1 3S ! 2 3P ! 10 3S/10 3D ST P Electrostatic guiding of Ps 2016 [128]



1 3S ! 2 3P ! 30 3S/30 3D ST P Angle resolved Ps spectroscopy 2016 [129]



1 3S ! 2 3P ! n 3S/n 3D ST P Rydberg Ps MCP detector 2016 [130]



1 3S ! 2 3S0
1 ! 2 3S1 ST P 1-photon production of 2 3S1 atoms 2017 [131]



1 3S ! 2 3P ! 14 3S/14 3D ST P Electrostatic velocity selection of Ps 2017



1 3S ! 2 3P ! 32 3S/32 3D ST P Electrostatic Ps beam focusing 2017



Table 1. Time line of optical excitation experiments involving positronium atoms, ions an molecules. This list is not abridged
and includes all instances of Ps excitation with laser light to date. We have not indicated the J values for some transitions
to Rydberg levels are they are fully Stark mixed. The positron sources used are Radioactive isotopes and gas moderation and
Ps production (RI/gas), mono-energetic beams based on radioactive isotopes (RI), magnetic bottle (MB) traps, linac (L) or
microtron (M) accelerator based beams, or source-based Surko traps (ST). The light sources used are lamps (L), or pulsed (P)
or continuous wave (CW) lasers.



2. The electron and positron have the same mass: this
means that recoil e↵ects [136], which in hydrogen would
be suppressed by the electron/proton mass ratio, (i.e.,
by a factor of M



p



/m
e



= 1836) are maximal in Ps
(where the mass ratio is 1) and have to be properly
taken into account (e.g., [137]). It also means that
what we would call hyperfine e↵ects in hydrogen, aris-
ing from nuclear spin interactions, are much stronger



in Ps. The positron magnetic moment is much larger
than that of the heavy, quark-filled, proton, and hence
spin-spin interactions contribute significantly to Ps en-
ergy levels [138].



3. The constituents are a particle-antiparticle pair: this
means that annihilation channels (both real and vir-
tual) also contribute significantly to the energy level
structure even at the lowest order [138]. It also means











image8.png

image9.png

image10.png

image11.wmf
0

100

200

300

400

10

-4

10

-3

10

-2

10

-1

 

 

detector output (volts)

time (ns)

 On resonance

 Off resonance

 Steel

Lifetime spectra with porous silica target

UCL june 2014


image12.wmf
242.5

243.0

243.5

244.0

0

5

10

15

20

25

30

35

40

0

1

2

3

4

5

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

 

 

S (%)

Wavelength (nm)

 0.2 keV

 1.2 keV

 3.2 keV

 4.2 keV

 

 

FWHM (nm)

beam energy (keV)


oleObject1.bin

oleObject2.bin

image13.png

image14.emf

image15.emf

image16.emf

image17.emf

image18.wmf

image19.png

image20.emf



730 740 750 760 770



IR wavelength (nm)



�24



�16



�8



0



8



16



S
�



(a
rb



.u
ni



ts
)



9111530










730 740 750 760 770

IRwavelength(nm)

−24

−16

−8

0

8

16

S

γ

(

a

r

b

.

u

n

i

t

s

)

9111530


image21.png

image22.wmf
0

2

4

6

8

242.8

242.9

243.0

243.1

0

1

2

3

4

0

2

4

(b)

 

laser width

 cavity Ps

 vacuum Ps

 sum

(c)

l 

(nm)

S (%)

 

prompt

delayed

(a)

l

0

 


image23.png

oleObject3.bin

image24.png

image25.png

image26.png

image27.emf

image28.emf

image29.emf

image30.emf

image35.png

image31.emf

image32.png

image33.png



PbWO4


B


grid


SiO2


4 ns, 0.5 M


e
+ 


λ = 243 nm,
0.3 mJ


λ = ~740 nm,
5 mJ


0 200 400 600


10-3


10-2


10-1


100
P


M
T


 s
ig


na
l (


V
)


Time (ns)


Laser OFF
Laser ON (n=11)


-2 ns 226 ns 597 ns






image34.png

image36.png

image37.png

image38.emf

image39.emf

image40.png

image41.emf









image42.emf









image43.png

image44.png

image45.png

image46.png

image47.emf









image48.emf









image49.png

image50.emf

image51.png

image52.png

image53.png

image54.jpeg


