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A hollow spherical bubble containing thousands of spin-aligned triplet positronium (Ps) atoms in 
superfluid liquid 4He would be stable against breakup into smaller bubbles, and the Ps would form a 
Bose-Einstein condensate (BEC) with a number density of ~1020 cm-3 and a BEC critical temperature Tc ≈ 
300 K. Estimates suggest that one could make such bubbles in the laboratory containing 105 Ps atoms 
using presently known methods. 

 

I. INTRODUCTION 
 

Positronium (Ps) is the hydrogen-like bound state of an 
electron and its positron antiparticle. The ground state of Ps is 
split into (1) a singlet with a mean lifetime for decay into two 
511 keV photons of 125 ps; and (2) a triplet state with a 142 
ns mean lifetime for decay into three photons with total 
energy of 1,022 keV [1, 2]. Hollow bubbles in liquid helium 
containing single positronium atoms were discovered in 1957 
when R. A. Ferrell’s bubble model [3] explained the long 
lifetimes, nearly the same as the vacuum triplet Ps lifetime, 
that had been observed for positrons annihilating in liquid 
4He [4, 5]. Analogous bubbles containing single electrons 
were elucidated in 1961 [6] and single Ps cavities [7] and 
electron cavities [8] were discovered in He vapor at low 
temperatures. Bubble states of single alkali and alkaline earth 
atoms in liquid helium have recently been demonstrated 
theoretically [9]. The existence of these different kinds of 
bubbles is attributed to the Pauli exclusion principle [10, 11], 
whereby the filled He 2S electron shell strongly repels both 
free electrons and electrons bound in Ps or other atoms. At a 
pressure of 1 atm a bubble containing a single electron in 
liquid helium has a bubble inner radius of (1.72±0.02) nm 
and an effective mass of about 200 4He masses [12, 13] that 
is nearly the same as the mass of the ~270 helium atoms 
comprising the innermost layer of the bubble. A Ps bubble 
has a nearly identical radius measured to be (1.73±0.13) nm 
[14, 15], and thus will likely have nearly the same effective 
mass as an electron bubble. The similar physics of electron 
and positronium scattering at low energies [16, 17] and the 
similarity of single-electron and single-Ps atom bubbles 
suggest the possibility of forming bubbles in liquid He 
containing many Ps atoms. The existence of multi-electron 
bubbles [18, 19, 20, 21] in which the electrons form a two-
dimensional gas on the inner surface of the bubble means that 
that these structures might be prepared as needed and filled 
with Ps [22]. Analogous bubbles filled with H↓ and with 
dimensions on the order of 100 μm and densities of 1019 cm-3 
have been produced in liquid He [23, 24].   

If formed from partially spin-polarized positrons, the 
minority spin Ps atoms in a many-Ps bubble would decay via 
collisions with other Ps atoms via spin exchange [25] 
followed by two-photon electron-positron annihilations. 
Calculations suggest that this would result in the remaining 

Ps forming a single-component triplet Ps Bose-Einstein 
condensate (BEC) [26, 27, 28] with a critical temperature of 
about 300 K. Such a route to a Ps BEC would have the 
unique advantage of self-assembled containment for the BEC, 
unlike for the case of the even more exotic proposed muonic 
hydrogen BEC [29]. The time for Ps to cool to less than 100 
K in liquid He is likely to be much less than the 125 ps 
singlet Ps lifetime [14] and would be orders of magnitude 
faster than in containers made of ordinary materials [30, 31, 
32]. The Ps-wall interactions [33] would be very well 
understood and one might produce BEC’s extended in one 
dimension that would be suitable for observing stimulated 
annihilation [34, 35]. Ps BEC bubbles could also be 
manipulated in interesting ways using acoustic cavitation 
[36]. For example a bubble of 1 μm radius and containing 108 
Ps atoms could in principle be compressed in a few ps to a 
100 nm radius by an imploding spherical acoustic wave to 
produce a neutral pair plasma [37, 38, 39, 40, 41, 42] with an 
electron density equal to that of metallic sodium. 

 
II. BUBBLE PARAMETERS 

 
The radii of Ps bubbles in liquid 4He can be calculated 

following the method of Ferrell [3] who found the radius of a 
single Ps bubble by minimizing the total energy. The latter 
was taken to be the sum of the zero point energy of the Ps 
atom confined by the infinite potential walls of a hollow 
sphere of radius r, 2 2 2

0 / 4 eE m rπ= h , plus the bubble surface 

energy 24SE rπ σ= , where σ is the surface tension, σ = 
0.95×10-4 J m-2 at 4.2 K and 3.1×10-4 J m-2 at 2.0 K [43, 44]. 
Including the contribution of the hydrostatic pressure p, the 
total energy is 

 
2 2 2 2 34

3/ 4 4Total eE m r r r pπ π σ π= + +h .   (1) 
 

At 1 atm pressure this equation predicts that the equilibrium 
single Ps bubble radii are r = 1.51 nm at 2.0 K and r = 1.73 
nm at 4.2 K; with zero pressure, the equilibrium radii are 1.67 
nm at 2.0 K and 2.24 nm at 4.2 K.  

The size of a multi-Ps BEC bubble in liquid 4He may be 
calculated in a similar manner except that the zero point 
energy is replaced by E0, the weak scattering approximation 
of the ground state energy of a BEC within a spherical 
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potential well of infinite height, radius r, and volume V 
containing N identical Bose particles of mass mPs 
characterized by a positive s-wave scattering length a [45]: 

 
2 2 2 2

0 3
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2Ps Ps

aN aNE
m V m r

π= =h h .   (2) 

 
This expression should be valid provided a/λ and na3 are both 
much smaller than 1 [46], where 22 / Psm kTλ π= h is the Ps 

thermal de Broglie wavelength at a temperature of 2 K and n 
is the Ps number density n<1021 cm-3. Under these conditions 
both a/λ and na3 are less than 0.003. The radius for a triplet 
Ps BEC bubble is then found by minimizing the total energy 
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and the pressure term now includes a correction for the vapor 
pressure of the Ps gas [47], 
 

2 3/2 5/2
5/2 5/23 (1) ( / 2 ) ( ) (1)vap Ps

kTp g m kT gπ
λ

= = h . (4) 

 
Here g5/2(1) = 1.34149… and the vapor pressure will be < 
0.13 atm for Ps temperatures less than 100 K. 

Using the triplet Ps - triplet Ps scattering length a = 3.00 
aBohr [48] and the surface tension σ = 3.1×10-4 J m-2 at 2.0 K, 
we calculate in Fig. 1 the bubble radius r and the number 
density n of triplet m=1 Ps atoms as a function of the total 
number of Ps atoms N for various hydrostatic pressures, 
neglecting the Ps vapor pressure. For slightly negative 
pressures the bubbles become unstable at high values of N. 
For N>105 and at a positive hydrostatic pressure of 1 atm the 
Ps number density is nearly constant, n = 1.3×1020 cm-3, for 
which the BEC critical temperature would be Tc ≈ 370 K. We 
thus see that even if the Ps does not immediately thermalize 
to below 100 K it is still going to Bose-Einstein condense 
with the fraction of the atoms in the ground state of the 
bubble given by  

 
 3/21 ( / ) 0.8Condensed cf T T= − > .   (5) 
 
Since the bubble energy is positive, one might wonder 

about the stability against break-up of a large bubble into 
smaller bubbles. If the pressure is zero, Eq. 3 implies that a 
bubble containing N Ps atoms has positive energy E(N)= 
A×(N)4/5 where A=5.148×10-21 J. A bubble with 2N particles 
has energy   

 
E(2N)=A×(2N)4/5=24/5×E(N)=1.74×E(N),   (6) 
 

A bubble with 2N particles has 13% less energy than the sum 
of the energy of two separate bubbles with N particles each, 
and therefore a large bubble is stable to breakup into two 
smaller ones. The concomitant heating of the Ps due to the 

merging of two bubbles of 105 Ps each would be about 3 K. 
This temperature rise would have little effect on the merged 
Ps state since the temperature rise is small compared to the 

BEC critical temperature ~300 K.  
 
 

III. SIGNATURE OF A Ps BEC BUBBLE 
 

An experimental signature for distinguishing a state 
consisting of many single Ps bubbles versus the same number 
of 100% spin polarized Ps atoms in a few large BEC bubbles 
is that the lifetime of the first is (91±5) ns [4], while the 
lifetime of the BEC state would be within a few percent of 
the 142 ns vacuum lifetime of triplet Ps [49]. This is because 
the decay rate due to collisions of the Ps with the He atoms of 
the bubble wall would be a negligible factor of

1/3 0.1 0.01N − ≈ −  times the wall component of the single Ps 

bubble decay rate ~4 μs-1.  
A superior signature of a Ps bubble BEC would be to 

observe the angular correlation of the two-photon 
annihilations induced by suddenly (~10 ns) applying a 1 T 
magnetic field transverse to the polarization direction. The 
annihilation photon pairs from the BEC state Ps would be 

Fig. 1. Calculated bubble radius r and Ps number density 
n at 2 K as a function of the total number of BEC Ps 
atoms N for various pressures neglecting the vapor 
pressure of the Ps gas. Note that the plots are on log-log 
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essentially perfectly anticollinear compared to the 60 μrad 
full width at half maximum expected from the two-photon 
annihilations of Ps with a thermal distribution of velocities at 
2 K. This signature could be acquired using a multi-counter 
detector for measuring the angular correlation of annihilation 
radiation [50, 51]. A third signature of the Ps BEC would be 
the observation of a very narrow resonance (~10 GHz 
FWHM) using co-propagating two photon 1S-2S 
spectroscopy [52]. 

 
IV. PRODUCTION OF Ps BEC BUBBLES 

 
We now consider how one might produce a multi-Ps 

bubble beginning with the trapping [53] and accumulation 
[54] of 100 ns pulses of 3×107 monoenergetic 5 keV partially 
spin polarized positrons. These pulses would first be focused 
to a 50 μm spot on a Ni(100) single crystal positron 
remoderator [55, 56, 57] in vacuum. The positrons will be 
about 28% polarized along their velocity direction [58]. At 
the exit side of the Ni crystal approximately 15% of the 
positrons are reemitted with energies of 1.0 eV and an energy 
spread of ~40 meV [59]. The 4×106 remoderated [60] 
positrons will be accelerated to 5 keV, and implanted into a 
spot of  area 0.5 μm2 on a diamond film of thickness 250 nm, 
as indicated in Fig. 2. The median positron stopping depth 
will be ~130 nm [61] and the positrons will stop in a broad 
distribution about the mean. From the measured mobility of 
positrons in natural diamond at 100 K, μ+ ≈ 240 cm2V-1s-1 
[62], we find the positron diffusion coefficient from the 
Einstein-Smoluchowski relation D= μkBT/e = 2.1 cm2s-1. This 
implies that thermalized stopped positrons diffuse a mean 
distance corresponding to half way across the diamond film 
in their mean lifetime (97.5±1.5) ps in isotopically pure 
diamond [63]. About 20% of the incoming positrons will be 
emitted into the liquid He in the form of Ps at the diamond 
exit surface with energies from 0 to 3 eV [64]. About 14% of 
these (half of the 28% positron polarization), or 105 pure m=1 
triplet Ps atoms, will survive the ensuing spin exchanging 
collisions. The emitted Ps, indicated by the shaded area in 
Fig. 2, will immediately form single Ps bubbles which then 
coalesce into ever larger bubbles [65]. Note that the Ps-He 
total cross section at 0-1 eV is ~12πa0

2 ≈ 1.0×10-15 cm2 [66]. 
At 1 eV the Ps velocity is ~6×107 cm s-1. The liquid He 
number density is nHe

 = 1.88×1022 cm-3, so the Ps mean free 
path at 1 eV is (nHeσ)-1 = ~0.5 nm and the Ps slowing down 
time to 0.1 eV or so for say 1000 collisions is ~1 ps. 
Assuming the Ps scatters randomly in the He it will thus have 
many chances to form a single Ps bubble. 

We now have to ask: (1) Is a 100 ns time scale sufficient 
for the organization of this collection of Ps and He atoms into 
one or more multi-Ps bubbles? and (2) Is the thermal 
conductivity of the superfluid He sufficient to remove the 
heat of the positronium injection and thermalization? The 
answer to the first question is probably “yes”, since the 
displaced He atoms in forming a large bubble will only have 
to move ~100 nm in 10-7 s, which corresponds to an average 

velocity 7100 nm /10 s = 1 m/sv −≈ , much less than the speed 
of sound in Liq He which is 234 m/s at 1.5 K [67]. 

To answer the second question we need to determine the 
fate of the energy of 4×106 5 keV positrons deposited in the 
diamond film, 9

diamond  3.2 10 JE −= × , and the energy of 105 
1-3 eV Ps atoms deposited in the liquid He, 

142.4 10 JLHeE −= × . The corresponding heat fluxes for a 100 

ns deposition time and area 0.5 μm2 are 
6 2

diamond 6.4 10 W cmF −= × ⋅ and 248 W cmLHeF −= ⋅ . The 
thermal diffusion coefficient in isotopically pure diamond 
[68] is 104 cm-2s-1 below 100 K so the implantation energy 
will be spread out to a radius of 300 μm in 10-7 s and the heat 
flux into the liquid He will be reduced to 30 W cm-2. In 
superfluid 4He the maximum heat flux that can be tolerated 
between two points that are separated by a distance L at 1.8 K 
and 2.17 K is [69, 70] 

 
2 0.2945.5 W cm (1 cm / )q Lλ

−= ⋅ ×& .  (7) 
 

For L = 250 nm, 2 124 W cmqλ
−= ⋅& , which should be 

sufficient to carry away the energy of both the Ps atoms and 
the stopping positrons.  

The diffusion coefficient for single Ps atom bubbles in 
liquid He may be found from the fluctuation-dissipation 
relation. In particular the Stokes-Einstein relation for 
diffusion of spherical particles through a liquid with low 
Reynolds number says the diffusion coefficient D is related to 
the viscosity η by 

 

6
Bk TD

rπη
=  .     (8) 

 
For a Ps bubble of radius 2 nm in liquid He-II at 1.6 K where 
the viscosity is η = 1.3×10-6 Pa·s [71, 72], the diffusion 
coefficient is 
 
 5 2 14.5 10  cm sD − −= ×      (9) 

Fig. 2. Geometry of a target for forming BEC 
positronium bubbles in superfluid He. Energetic positrons 
stop in a thin diamond film. The positrons thermalize and 
diffuse to the back surface of the film, and are emitted 
into the He as positronium which collects into bubbles. 
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From this we determine that the single Ps-bubble diffusion 
length in pure liquid He is Dtλ = = 7 nm for t =10 ns and 
20 nm for t = 100 ns. The mean free path for single Ps 
bubble-bubble collisions is thus such as to lead to the 
conclusion that bubble coalescence will be rapid. On the 
contrary, a 100 nm radius bubble moves only 2 pm in 100 ns 
in response to the buoyancy force of the liquid He. This 
implies that there should be ample time for the coalescence of 
many single Ps bubbles into one or a few many Ps bubbles.  

 
V. UTILITY OF Ps BEC BUBBLES 

 
It is interesting to ask if one might scale up the Ps bubble 

BEC concept to obtain evidence for stimulated annihilation. 
First we need a means for flipping a triplet Ps BEC into the 
singlet state in a time shorter than the 125 ps singlet Ps 
lifetime so that the entire collection of Ps atoms may decay 
into two photons at about the same time. In principle one 
could accomplish this by adiabatic rapid passage [73] using a 
swept frequency pulse of RF that passes through the 203 GHz 
Ps 13S1→11S0 resonance [74]. 

The exactly on-resonance cross section for the single 
photon stimulated two-photon annihilation of an individual 
Ps atom [75] is σ = 10-20 cm2 [34]. However, when the 
nominal stimulated gain is less than one, 

 

Nominal 1G l n σ≡ < ,     (10) 

 
the effective gain for a photon travelling a distance l through 
a BEC of average 1S0 Ps density n  will be [34, 76] 

 

Below thresholdG l n σ= .   (11) 

 
This amazing prediction of larger than expected gain in the 
below threshold limit would imply that experimental 
evidence for stimulated annihilation might not be so difficult 
to attain, requiring as few as 109 BEC singlet Ps atoms in a 
suitable geometry.   
 

VI. CONCLUSIONS 
 

     The number density of a gas of spin polarized Ps 
contained within a hollow spherical bubble in liquid helium 
has been calculated as a function of the number of Ps atoms, 
N, and applied pressure. The contained Ps gas should be a 
Bose-Einstein condensate with its temperature not far from 
that of the liquid He and with a BEC critical temperature 
greater than 300 K. It appears that bubbles with N ≈ 105 could 
be created and the Ps momentum distribution measured using 
current technology. Further developments could lead to 
experiments demonstrating stimulated annihilation. The 
many-Ps bubbles should make possible the reproducible 
production not only of a BEC but also of various states of the 

neutral e+-e− plasma [77] that might appear upon sudden 
compression to higher densities. 
      The above discussion has introduced a well-defined set of 
many-positronium systems, the Nth member of which 
consists of N spin-polarized Ps atoms confined within a 
hollow spherical bubble of radius r(N) [see Fig. 1] in liquid 
He at a standard temperature and pressure. Born from 
Ferrell’s original concept of the single Ps bubble in liquid He 
[3], the members of this new endless set may be thought of as 
cousins of Wheeler’s polyelectron series, Ps, Ps−, Ps+, … [78] 
which terminates at Ps2 [79]; the spherical He bubble walls 
make up for the lack of chemical binding that brings the 
original polyelectron series to an end [80].  

 
 

VI. ACKNOWLEDGMENTS 
 

The author is grateful to Prof. David B. Cassidy for 
comments and to Prof. Humphrey Maris for suggesting that 
acoustic cavitation might be applied to the problem of 
making a many Ps bubble in liquid He. This work was 
supported in part by the US National Science foundation 
under Grant No. PHY 1505903. 

 
                                                            
[1] D. B. Cassidy, “Experimental progress in positronium laser 
physics”, Eur. Phys. D 72, 53 (2018). 
[2] P. Moskal, B. Jasinska, E. L. Stepien, and S. D. Bass, 
“Positronium in medicine and biology”, Nature Reviews Physics 21 
June (2019). 
[3] R. A. Ferrell, “Long lifetime of positronium in liquid helium”, 
Phys. Rev. 108, 167 (1957). 
[4] D. A. L. Paul and R. L. Graham, “Annihilation of positrons in 
liquid helium”, Phys. Rev. 106, 16 (1957). 
[5] J. Wackerle and R. Stump, “Annihilation of positrons in liquid 
helium”, Phys. Rev. 106, 18 (1957). 
[6] C. G. Kuper, “Theory of negative ions in liquid helium”, Phys. 
Rev. 122, 1007 (1961). 
[7] L. O. Roellig and T. M. Kelley, “Cavity formation in helium”, 
Phys. Rev. Lett. 18, 387 (1967). 
[8] J. Levine and T. M. Sanders, Jr., “Anomalous electron mobility 
and complex negative ion formation in low-temperature helium 
vapor”, Phys. Rev. Lett. 8, 159 (1962). 
[9] A. M. Dyugaev and E. V. Lebedeva, “Bubble states of atoms in 
liquid helium”, Low. Temp. Phys. 44, 1085 (2018). 
[10] W. Pauli, Z. Physik 31, 765 (1925); Science 103, 213 (1946). 
[11] W. T.  Sommer, “Liquid helium as a barrier to electrons”, Phys. 
Rev. Lett. 12, 271 (1964). 
[12] J. Poitrenaud and F. I. B. Williams, “Precise measurement of 
the effective mass of positive and negative charge carriers in liquid 
helium II”, Phys. Rev. Lett. 29, 1230 (1972) and Phys. Rev. Lett. 32, 
1213 (1974). 
[13] Y. Huang and H. J. Maris, “Effective mass of an electron 
bubble in superfluid helium-4”, J. Low Temp. Phys. 186, 208 
(2017). 
[14] A. T. Stewart, C. V. Briscoe, and J. J. Steinbacher, “Positron 
annihilation in simple condensed gases”, Can. J. Phys. 68, 1362 
(1990). 



5 

                                                                                                      
[15] This experimental value of the radius of a single Ps atom 
bubble in liquid He at 4.2 K and 1 atm. assumed the bubble wall 
potential height is 0.76 eV. 
[16] S. J. Brawley, S. Armitage, J. Beale, D. E. Leslie, A. I. 
Williams, and G. Laricchia, “Electron-like scattering of 
positronium”, Science 330, 789 (2010). 
[17] S. J. Brawley, S. E. Fayer, M. Shipman, and G. Laricchia, 
“Positronium production and scattering below its breakup 
threshold”, Phys. Rev. Lett. 115, 223201 (2015). 
[18] A. P. Volodin, M. S. Khaikin, and V. S. Edel’man, JETP Lett. 
26, 543 (1977).  
[19] W. Wei, Z. Xie, and H. J. Maris, “Electron bubbles in liquid 
4He containing a small number of electrons”, Phys. Rev. B 89, 
064504 (2014). 
[20] J. Tempere, Isaac F. Silvera, and J. T. Devreese “Multielectron 
bubbles in helium as a paradigm for studying electrons on surfaces 
with curvature”, Surface Sci. Reports 62, 159 (2007). 
[21] Jieping Fang, J. Tempere, Isaac F. Silvera, “The Creation of 
Long-Lived Multielectron Bubbles in Superfluid Helium”, J. Low 
Temp. Phys. 187, 54-61 (2017). 
[22] The electrons in the Ps atoms and the electrons on the inner 
surface of the bubble would need to be spin polarized in the same 
direction to avoid rapid spin exchange quenching of the Ps. 
[23] R. Sprik, J. T. M. Walraven, and I. F. Silvera, “Compression of 
spin-polarized hydrogen to high density”, Phys. Rev. Lett. 51, 479 
(1983). 
[24] R. Sprik, J. T. M. Walraven, and I. F. Silvera, “Compression 
experiments with Spin-Polarized Hydrogen”, Phys. Rev. B 32, 5668 
(1985). 
[25] R. A. Ferrell, “Ortho-parapositronium quenching by 
paramagnetic molecules and ions”, Phys. Rev. 110, 1355 (1958). 
[26] P. M. Platzman and A.P. Mills, Jr., "Possibilities for Bose 
condensation of positronium", Phys. Rev. B 49, 454 (1994). 
[27] Y-H Wang, B. M. Anderson, and C. W. Clark, “Spinor Bose-
Einstein condensates of positronium”, Phys. Rev. A 89, 043624 
(2014). 
[28] I. A. Bhat, T. Mithun, B. A. Malomed, and K. Porsezian, 
“Continuous-wave solutions and modulational instability in spinor 
condensates of positronium”, J. Phys. B: At. Mol. Opt. Phys. 51, 
045006 (2018). 
[29] P. Froelich, S. Jonsell, V. Kharchenko, H. R. Sadeghpour, and 
A. Dalgarno, “On the Bose-Einstein condensation of exotic atoms”, 
J. Phys. B. At. Mol. Opt. Phys. 39, 3889 (2006). 
[30] S. Takada, T. Iwata, K. Kawashima, H. Saito, Y. Nagashima, 
and T. Hyodo, “Thermalization of positronium atoms studied with 
time-resolved angular correlation of annihilation radiation”, Rad. 
Phys. And Chem. 58, 781 (2000). 
[31] H. Saito and T. Hyodo, “Cooling and quenching of positronium 
in porous material”, New Directions in Antimatter Chemistry and 
Physics, edited by C. M. Surko and F. A. Gianturco (Kluwer 
Academic, 2001), 101-114. 
[32] K. Shu, X. Fan, T. Yamazaki, T. Namba, S. Asai, K. Yoshioka, 
and M. Kuwata-Gonokami, “Study on cooling of positronium for 
Bose-Einstein condensation”, J. Phys. B: At. Mol. Opt. Phys. 49, 
104001 (2016). 
[33] J. E. Blackwood, C. P. Campbell, M. T. McAlinden, and H. R. 
J. Walters, “Positronium scattering by helium”, Phys. Rev. A 60, 
4454 (1999). 
[34] E. P. Liang and C. D. Dermer, “Laser Cooling of Positronium”, 
Optics Communications 65, 419 (1988). 

                                                                                                      
[35] H. K. Avetissian, A. K. Avetissian, and G. F. Mkrtchian, “Self-
amplified gamma-ray laser on positronium atoms from a Bose-
Einstein condensate”, Phys. Rev. Lett. 113, 023904 (2014). 
[36] Y. Yang, S. Sirisky, W. Wei, G. M. Seidel, and H. J. Maris, 
“Nucleation of bubbles by electrons in liquid helium-4”, J. Low 
Temp. Phys. 192, 48 (2018). 
[37] P. M. Platzman, “Surface positrons and the many positron, 
many electron system”, in Positron Studies of Solids, Surfaces, and 
Atoms, A.P. Mills Jr., W. S. Crane, and K. F. Canter, eds. (World 
Scientific, Singapore, 1986) pp. 84-101. 
[38] R. G. Greaves, M. D. Tinkle, and C. M. Surko, “Creation and 
uses of positron plasmas”,  Phys. Plasmas 1, 1439 (1994). 
[39] C. M. Surko and R. G. Greaves, “A multicell trap to confine a 
large number of positrons”, Rad. Phys. Chem. 68,419 (2003). 
[40] H. Yabu, “Many positron and positronium interactions”, 
Nuclear instruments & methods in physics research. Section B, 
Beam interactions with materials and atoms 221, 144 (2004). 
[41] H. Chen, et al., “Relativistic positron creation using ultraintense 
short pulse lasers”, Phys. Rev. Lett. 102, 105001 (2009). 
[42] G. Sarri, et al., “Generation of neutral and high-density 
electron-positron pair plasmas in the laboratory”, Nature Commun. 
6, 6747 (2015). 
[43] J. F. Allen and A. D. Misener, “The surface tension of liquid 
helium”, Proc. Camb. Philos. Soc. 34, 299 (1938). 
[44] These measurements are applicable to macroscopic surface 
areas. For very small diameter bubbles the effective value of the 
surface tension would be smaller due to the elimination of the 
contribution due to surface capillary waves of wavelengths larger 
than the bubble diameter. The minimum capillary wave wavelength 
would be about 1.2 nm. K. R. Atkins and Y. Narahara, “Surface 
tension of liquid He4”, Phys. Rev. 138, A437 (1965). 
[45] N. N. Bogoliubov. “On the theory of superfluidity”. J. Phys. 
(USSR) 11, 23 (1947). 
[46] R. K. Pathria, Statistical Mechanics, 2nd edition (Butterworth-
Heinemann, Oxford, 1996), Eq. 6 p. 271. 
[47] Kerson Huang, Statistical Mechanics, 2nd edition (John Wiley 
& Sons, New York, 1987), Eq. 12.58 p. 291. 
[48] I. A. Ivanov, J. Mitroy, and K. Varga, “Positronium-
positronium scattering using the stochastic variational method”, 
Phys. Rev. A 65, 022704 (2002). 
[49] A. Ore and J. L. Powell, “Three-photon annihilation of an 
electron-positron pair”, Phys. Rev. 75, 11696 1949. 
[50] S. Berko and J. Mader, Appl. Phys.  5, 287 (1975).  
[51] G. G. Cecchini, A. C. L. Jones, M. Fuentes-Garcia, D. J. 
Adams, M. Austin, E. Membreno, A. P. Mills, Jr., “Detector for 
Positronium Temperature Measurements by Two-Photon Angular 
Correlation”, Rev. Sci. Instrum. 89, 053106 (2018). 
[52] D. G. Fried, T. C. Killian, L. Willmann, D. Landhuis, S. C. 
Moss, D. Kleppner, and T. J. Greytak, “Bose-Einstein condensation 
of atomic hydrogen”, Phys. Rev. Lett. 81, 3811 (1998).  
[53] Surko CM, Leventhal M, Passner A., “Positron Plasma in The 
Laboratory”, Phys. Rev. Lett. 62, 901 (1989).  
[54] R. G. Greaves and C. M. Surko, “Inward transport and 
compression of a positron plasma by a rotating electric field”, Phys. 
Rev. Lett. 85, 1883 (2000).   
[55] A. P. Mills, Jr., "Brightness Enhancement of Slow Positron 
Beams", Appl. Phys. 23, 189 (1980). 



6 

                                                                                                      
[56] D. M. Chen, K. G. Lynn, R. Pareja, and Bent Nielsen, 
“Measurement of positron reemission from thin single-crystal 
W(100) films”, Phys. Rev. B31, 4123 (1985). 
[57] P. J. Schultz, E. M. Gullikson, and A.P. Mills, Jr., "Transmitted 
Positron Re-emission from a Thin Single-Crystal Ni(100) Foil", 
Phys. Rev. B 34, 442 (1986). 
[58] D. B. Cassidy, V. E. Meligne, and A. P. Mills, Jr., “Production 
of a fully spin-polarized ensemble of positronium atoms”, Phys. 
Rev. Lett. 104, 173401 (2010). 
[59] B. L. Brown, A. P. Mills, Jr., and W. S. Crane, "Generation of 
Highly Monochromatic Positrons Using Cold Moderators" Appl. 
Phys. Lett. 48, 739 (1986). 
[60] A. P. Mills, Jr., "Brightness Enhancement of Slow Positron 
Beams", Appl. Phys. 23, 189 (1980). 
[61] A. P. Mills, Jr. and R. J. Wilson, "Transmission of keV Energy 
Positrons Through Thin Films of Cu and Al", Phys. Rev. A 26, 490 
(1982). 
[62] A.P. Mills, Jr., G. R. Brandes, D. M. Zuckerman, Weimin Liu, 
and S. Berko, "Positron Mobility in Natural Diamond", Materials 
Science Forum 105-110, 763 (1992). 
[63] Xue-Song Li, S. Berko, and A.P. Mills, Jr., "Positron Lifetime 
in Synthetic Diamond", Materials Science Forum 105-110, 739 
(1992). 
[64] B. K. Panda, G. Brauer, W. Skorupa, and J. Kuriplach, 
“Positron energy levels in semiconductors”, Phys. Rev. B 61, 15848 
(2000). 
[65] J. D. Paulsen, R. Carmigniani, A. Kannan, J. C. Burton, and S. 
R. Nagel, “Coalescence of bubbles and drops in an outer fluid”, 
Nature Communications 5, 3182 (2014). 
[66] J. E. Blackwood, C. P. Campbell, M. T. McAlinden, and H. R. 
J. Walters, “Positronium scattering by helium”, Phys. Rev. A 60, 
4454 (1999).  
[67] K. R. Atkins and C. E. Chase, “The velocity of first sound in 
liquid helium”, Proc. Phys. Soc. A 64, 826 (1951). 
[68] L. Wei, P. K. Kuo, R. L. Thomas, T. R. Anthony, and W. F. 
Banholzer, “Thermal conductivity of isotopically modified single 
crystal diamond”, Phys. Rev. Lett. 70, 3764 (1993). 
[69] G. Bon Mardion, G. Claudet, and P. Seyfert, “Practical data on 
steady state heat transport in superfluid helium at atmospheric 
pressure”, Cryogenics 19, 45 (1979). 
[70] S. Vasilyev, J. Jarvinen, A. I. Safonov, and S. Jaakkola, 
“Thermal compression of two-dimensional atomic hydrogen gas”, 
Phys. rev. A 69, 023610 (2004). 
[71] W. J. Heikkila and A. C. Hollis Hallett, “The viscosity of liquid 
He-II”, Can. J. Phys. 33, 420 (1955).  
[72] D. F. Brewer and D. O. Edwards, “The heat conductivity and 
viscosity of liquid helium II”, Proc. Roy. Soc A 251, 247 (1959). 
[73] F. Bloch, “Nuclear induction”, Phys. Rev. 70, 460 (1946). 
[74] T. Yamazaki, A. Miyazaki, T. Suehara, T. Namba, S. Asai, T. 
Kobayashi, H. Saito, I. Ogawa, T. Idehara, and S. Sabchevski, 
“Direct Observation of the Hyperfine Transition of Ground-State 
Positronium”, Phys. Rev. Lett. 108, 253401 (2012). 
[75] P.A.M. Dirac, “On the annihilation of electrons and protons”, 
Proc. Cambr. Phil. Soc. 26, 361 (1930). 
[76] H. K. Avetissian, A. K. Avetissian, and G. F. Mkrtchian, 
“Gamma-ray laser based on the collective decay of positronium 
atoms from a Bose-Einstein condensate”, Phys. Rev. Lett. 113, 
023904 (2014). 

                                                                                                      
[77] T Sunn Pedersen, J R Danielson, C Hugenschmidt, G Marx, X 
Sarasola, F Schauer, L Schweikhard, C M Surko and E Winkler, 
“Plans for the creation and studies of electron–positron plasmas in a 
stellarator”, New J.  Phys. 14, 035010 (2012). 
[78] J. A. Wheeler, “Polyelectrons”, Ann. NY Acad. Sci. 48, 219-238 
(1946). 
[79] E. A. Hylleraas and A. Ore, “Binding energy of the positronium 
molecule”, Phys. Rev. 71, 493 (1947). 
[80] S. Bubin, O. V. Prezhdo, and K. Varga, “Instability of 
tripositronium”, Phys. Rev. A 87, 054501 (2013). 


