Relativistic electron-positron plasmas in the laboratory.
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Though rarely observed in terrestrial laboratories, relativistic electron-positron (e+e-) pair plasmas are supposed to be ubiquitous in the high energy universe, from the first few seconds of the Big Bang, to the winds of pulsars, jets of blazars and gamma-ray bursts (GRBs).  The physics and observable manifestations of this exotic state of matter, however, have been relatively unexplored due to the lack of laboratory experiments.  This situation is about to change in the coming decade, due to the increasing availability of ultra-intense lasers which are capable of producing copious amount of multi-MeV e+e- pairs in the laboratory with densities exceeding 1018 cm-3 and magnetic fields exceeding 109 G.  The creation of such exotic high energy density (HED) plasmas will undoubtedly open up entirely new frontiers in both astrophysics and basic plasma science.  Among the many frontiers of laboratory plasma astrophysics, we have identified this area as the most novel and promising for major scientific breakthroughs and discoveries within the next decade.  We therefore strongly urge the formation of a coordinated national task force to explore this new frontier, with significant investment by the federal funding agencies.  Below we summarize: (a) the astrophysics context (b) outstanding scientific questions (c) experimental approaches (d) technological developments (e) strategy for a national program.

1. The astrophysics context

Relativistic e+e- plasmas have been postulated as a major, perhaps the dominant, component of matter in pulsar magnetospheres, pulsar winds, blazar jets and GRB outflows.  While there is yet no direct observational evidence to confirm the presence of e+e- pairs (e.g. detection of 511 keV annihilation line), energetic and kinematic arguments strongly support the omnipresence of pair plasmas in the high-energy universe.  Their dominance is also built into most popular theoretical models of these objects.  For example, the dynamics and radiation output of pulsar wind and wind shocks are sensitive to pair loading.  Similarly most GRB scenarios and many blazar models invoke pairs in the outflows.    Yet both the microphysics of e+e- plasma kinetics (particle energization, radiation mechanisms, shock structure) and macro-dynamics of e+e-MHD flows have only been explored recently, as computational technology (relativistic MHD and Particle-in-Cell codes) and computer power have reached the necessary capability.  However, even with the most advanced supercomputers and algorithms, such numerical simulations are limited to small physical scales, idealized geometries and initial conditions, far from the dynamic range needed to address many critical astrophysical questions.  It is therefore extremely desirable to be able to study at least some aspects of relativistic pair plasmas in controlled laboratory experiments, to search for scalable properties and physical laws that may be applicable to astrophysics, and to calibrate the numerical codes.


One central question is whether results from laboratory plasmas can be scaled to the astrophysical realm.  It turns out that in the relativistic collisionless pair dominated regime, the microphysics is controlled by a small number of dimensionless parameters.  They include <> or kT/mc2, e/pe and Rpe /c where R is the characteristic size scale of the plasma or magnetic field.  PIC simulations confirm that systems of very different sizes, for which these parameters are identical, exhibit similar microphysical properties and behaviors.  Fig. A1 (to be included later) shows one slice of this parameter space and suggests that indeed parameters of laser produced pair plasmas overlap those  of many astrophysical phenomena.

2. Outstanding scientific questions.

Some of the outstanding scientific questions of astrophysical pair plasmas that we would like to address in the laboratory include: (a) how do pairs manifest themselves? (b) how does pair plasma behave differently from e-ion plasma in terms of instabilities, particle acceleration, dissipation, thermalization and other collective behaviors? (c) do pair plasmas radiate differently from e-ion plasmas? (d) how do shocks, turbulence and reconnection in pair plasmas differ from e-ion plasmas?  (e) can the BKZS temperature limit for thermal pair equilibrium be tested in the laboratory? 

3. Experimental approach.  

Historical approaches to achieving a significant density of positrons in the laboratory rely on collecting and trapping radioactive decay or accelerator-produced e+ in magnetic traps. However, coulomb repulsion limits the density one can achieve with such traps.  Also since such trapped e+ are cold, they annihilate rapidly when encountering any e- so it is difficult to produce e+e- plasmas of any significant density.  However, recent advances in ultra-intense lasers changed the landscape.  Ultra-intense lasers above the intensity of Ic=1.4x1018 Wcm-2 couple most of its energy to target electrons with a characteristic temperature of kT/mc2 ~ I1/2 when  is wavelength measured in microns and I is measured in units of Ic.  Hence for laser intensities > 1019 Wcm-2 (easily achievable with modern short pulse lasers), most of the laser energy can be converted into relativistic electrons above the pair production threshold.  When such electrons collide with high-Z target ions (e.g. Au), they pair-produce via the Trident and Bethe-Heitler processes.  In the summer of 2008 a team lead by Hui Chen et al at LLNL using the Titan laser to irradiate mm thick gold targets succeeded in creating copious amounts of pairs, exceeding the previous positron numbers reported by Cowen et al by more than 2 orders of magnitude (Chen et al 2009).   The Titan experiments resulted in the most intense and densest MeV positron source ever created on earth.  More importantly, the Titan data confirmed that for thick targets (> tens of microns) the positron yield based on the Bethe-Heitler (Heitler 1954) formula is correct to first order.  This allows the use of the Bethe-Heitler formula to scale up the positron yield as a function of laser and target parameters.  Roughly speaking, the Titan results suggest that a gold target of the optimal thickness (~5 – 10 mm) can produce ≥ 1012 e+e- pairs per kJ of laser energy for intensities exceeding 1020 Wcm-2, with an in-situ pair density ≥1017cm-3 at the target.    Scaling from this result we believe that the NIF-ARC beams, focused to intensities ~1020 Wcm-2, may be able to produce ≥ 1x1013 (4 beams, 12 kJ) - 4x1013 (16 beams, 50 kJ) e+e-pairs, with in-situ pair densities ≥ (1 – 4) x 1018 cm-3 respectively. Fig.1 shows the estimated positron yield as functions of laser intensity and laser energy based on early design parameters scaling from the results of Cowen et al (1999), compared with the new Titan data.  From this we can now estimate the optimum positron yield of the 4 and 16 ARC beams (Fig.1 blue circles), by scaling up from the Titan results.
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Figure. 1 The measured Titan e+ yield (red circle) exceeded the original design estimates (red curve) by a factor of ~ 20.  Hence new estimates for NIF-ARC (blue circle: 4 beams,12kJ) should also be scaled by a factor of 20 from the blue curves.  The blue circles show that ARC can easily produce more than 1013 positrons in each shot at 1020 Wcm-2 intensity.

Even higher pair density may be achievable in principle using double-sided irradiation.  Other proposed schemes involve using circularly polarized lasers, pre-compressing the high-Z target, and separating the laser target from the high-Z converter, etc.  We note that in order for the pair cloud to constitute a “plasma” it should be much larger than the skin depth.  For an assumed pair cloud of size ~10 microns, this is satisfied if the initial pair density is n > 1017 cm-3.  We also note that for laser intensities exceeding 1030 W.cm-2, pairs can be produced directly by vacuum breakdown.  However, that kind of laser intensity is still far off in the distant future.  In addition to creating pairs, intense laser-target interactions also produce ultra-strong fields that can exceed 109 G.  The relation between strong field generation and pair production have not yet been studied, but it is conceivable that some created pairs will be imbedded in strong fields.  We also note that the ratio e/pe ~ 30 (B/109G)(n/1020cm-3)-1/2.  So the created pair plasma can in principle be used to study magnetic-dominated outflows.


Once strongly magnetized pair plasmas are successfully created in the laboratory, they can be used to study at least some aspects of major astrophysics problems, from collisionless shocks to magnetized e+e- jets, as well as many basic plasma physics questions.  Each astrophysical problem may require a different experimental setup and a different set of diagnostics. 

4. Technological developments: 

What is critically needed for future experiments include: (1) dedicated facilities with multiple PW-class lasers, especially in a head-on configuration, and (2) diagnostic developments for probing strongly magnetized pair plasmas.  Examples of the types of instruments required are diagnostics to detect positron and electron numbers, spectra, angular distribution, and particle distribution function; magnetic field strengths, extents, orientations, and fluctuations; and (collisionless) shock existence, strength, extent, and velocity. 


On the theory side, what is urgently needed is end-to-end 3D simulations of a complete experimental setup for pair production, using realistic laser profiles and material properties. The PIC simulations of laser target interactions need to be fully coupled to the pair production and annihilation processes, using the CERN GEANT4 code, so that newly created pairs are also subject to laser-generated electromagnetic interactions.  For thick targets, both lasers and pairs must be transported through the high-Z target self-consistently, taking into account collisions, ionization and absorption.  Current code capabilities will need to be upgraded to address many complex physics issues.  Scaling issues will need to be addressed using simulations with a broad range of physical scales.

A5. Strategy for a National Program

We have identified the physics and astrophysics of relativistic magnetized pair plasmas as an important and challenging frontier, ripe for laboratory experiments.  To overcome the daunting challenges of such experiments, we clearly need a coordinated national program involving both academia and the DOE/NNSA laboratories with access to HED facilities.  One way to make progress in this field is to form a national center involving all major players in this field.  Such a center can be modeled after the DOE ASCI centers and NSF PFC centers, but with major participation and contributions by the DOE/NNSA laboratories. Initial experiments can begin at the regional facilities such as Austin, TX, Ann Arbor, MI, Reno, NV, Lincoln, NB, etc.  Follow-on experiments can then progress to use the Jupiter (LLNL), Z-PW (SNL) and Omega-EP (Rochester) lasers, before performing large scale experiments on the NIF-ARC.  Diagnostic developments and computer simulations should go hand-in-hand with increasing laser power.
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