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Abstract

We review a proposal to achieve a Bose-Einstein condensate (BEC) of dense positronium, the lightest of all atoms.  This idea is made possible by the recent advances in creating copious high-density electron-positron pairs using ultra-intense lasers.  A detailed roadmap and strategies towards this goal are outlined. 

1. Introduction

Positronium (Ps) is the lightest, simplest, weakly interacting, purely leptonic atom with many unique physical properties (Charlton and Humberston 2001).  A Bose-Einstein condensate (BEC, Pethick and Smith 2008) of Ps, if achievable, represents a new quantum regime of antimatter with many exotic fundamental properties and potentially transformative technological applications, from Doppler free spectroscopy, tests of QED, to the annihilation gamma-ray laser (GRASAR) (Liang and Dermer 1988, see Cassidy and Mills 2007 for review).  Recent advances in laser pair creation (Chen et al 2009) demonstrated that the high density of positrons needed to achieve a BEC of Ps may soon be achievable in the laboratory with the next generation of ultra-intense lasers (e.g. NIF-ARC).  In this paper we discuss qualitatively a strategic roadmap that may lead to the realization the Ps BEC.

Recent advances in ultra-intense lasers opens up a new approach to creating dense electron-positron pairs by irradiating high Z targets such as gold foils with lasers of intensities > Ic = 1.4x1018 W.cm-2.  Such lasers couple most of their energy to relativistic hot electrons with a quasi-Maxwellian distribution of kT ~ I1/2l, where intensity I is units of Ic and wavelength l is in units of microns. Such hot electrons can produce copious e+e- pairs against high-Z nuclei via the Trident and Bethe-Heitler processes (Heitler 1954).   Recent experiments by Chen et al (2009) using the Titan laser  (~120J at 0.7ps) at LLNL and mm-thick gold disks demonstrated that up to 1011 pairs may be produced per shot.  The advantages of using laser-created positrons over other conventional methods such as accelerators and radioactive sources include: (a) short-pulse (~ps), (b) high maximum current (≥ 1021e+/s), (c) high in-situ density (≥1017 e+/cc), (d) narrow beam size (<100 micron diameter), (e) MeV energies (instead of GeV energies of accelerators), (f) high energy efficiency (~ percent of laser energy can be converted into positrons).  The main disadvantage of intense-laser-created positrons is low rep-rate so that a CW beam is hard to achieve.  Thus the two approaches have complementary applications.  However, to achieve a BEC of dense Ps, a CW beam is not necessary. Hence laser-created short-pulse of pairs is more ideal for such purposes.

Major technical challenges to achieve a BEC of Ps include: (a) total positrons needed > 1013 per pulse,  (b) positron density ≥ 1018/cc (=BEC critical density at cryogenic temperatures ~ 10K) (Liang and Dermer 1988), (c) slowing/cooling positrons from MeV’s to ~10eV in very short times (< ns), (d) converting positrons with density ≥ 1018/cc in a small cavity of poly-silica matrix into cryogenic Ps (Cassidy and Mills 2007).  Finally, if we are interested in making a GRASAR, then we need a long, narrow column of Ps BEC of volume ~ m x 1 micron diameter, and sweep the column in a single direction with 204 GHZ microwave to convert the oPs into pPs (Liang and Dermer 1988).  Assuming that the pPs 2-photon annihilation line is emitted with only natural broadening, then a column density of 1021cm-2 Ps BEC should give rise to a stimulated annihilation gain-length of gL=10 (Liang and Dermer 1988). 

2. Strategies to achieve high pair yield

To optimize pair/positron yield for a given laser energy, we propose to use hotter incident electrons and thicker gold targets.  Based on Monte Carlo simulation results, we should focus on the regime kThot > 10 MeV and thickness > 3 mm (see Henderson et al 2010, Liang 2010).  We also need to explore the use of double-sided irradiation (Liang et al 1998, Liang 2002), longer laser pulses, and perhaps circular polarization (Shen and Meyer-ter-Vehn 2001). Finally, We need to optimize the target shape to allow more positrons to escape from thick targets.

3. Strategies for pair collimation and cooling

To collimate and guide the laser-created pairs, we need to use axial magnetic field B > 10 MG.  Such a strong axial magnetic field may be created using laser-driven Helmholtz coils (Myatt et al 2007, Daido et al 1986).  A novel idea to rapidly cool the pairs is to use resonant Compton scattering in a strong B field (> 10-100 MG).  The Landau levels of e+e-pairs in such a strong field resonate with IR lasers (1 – 10 microns).  Since the reosonant scattering cross-section can be much higher than Thomson cross-section, techniques of atomic Doppler laser cooling may be applied here.  We are currently developing a 3D Monte Carlo code to simulate laser Doppler Landau cooling (Liang et al 2010) of hot pairs.  If successful, such rapid cooling may replace traditional positron moderation techniques using solid noble gas, with much higher efficiency and shorter cooling times. 

4. Strategy for Ps and BEC formation

Once the positrons are cooled to ~10 eV, they can be injected into a cryogenically cooled porous silica matrix or aerogel Ps converter (Cassidy and Mills 2007). The formation and thermalization rate of the Ps with the cryogenic matrix need to be modeled carefully to predict the number and fraction of Ps that will condense into the p=0 state.  A detailed quantum calculation is also needed to estimate the rate of the global BEC wave-function formation.  Finally, techniques for detecting and measuring the BEC need to be developed.  Unlike ordinary cold atom physics, here all measurements have to be performed on a fast time scale, before the Ps annihilates.  We are mainly interested in the longer-living oPs.  So we will focus on the BEC formation of the oPs.  

5. Strategy for making a GRASAR

The 2-photon stimulated annihilation cross-section of pPs with only natural broadening is 10-20cm-2 (Liang and Dermer 1988).  Hence a Ps column density of 1021cm-2 is needed for gL=10 amplification. For a 1-micron diameter column we need a total of 1013 Ps, which should be easily achievable with the next generation PW lasers such as the NIF-ARC.  To limit the loss to spontaneous annihilation, Liang and Dermer (1988) proposed to start with a long narrow column of oPs, and spin-flip the oPs into pPs with a 204 GHz microwave pulse sweeping in only one direction.  Detailed physics of the GRASAR must be modeled carefully before such experiment is attempted.
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