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High Energy Density Laboratory Astrophysics - Ultrastrong magnetic field generation

1.  Astrophysics context and observational results


Neutron stars have fascinated physicists and astrophysicists as cosmic environments providing exotic manifestations of plasma physics and quantum interactions  ever since their existence was predicted by Baade and Zwicky in 1934.  Astrophysical observations most easily probe the realms of neutron star surface layers, atmospheres and magnetospheres.  In these environs, principal science goals include the determination of the elemental composition and state at the surface, the atmospheric electric field structure and associated charge stripping, and the global magnetic field structure and radiative dissipation.  Physics predictions uniquely operable in neutron star locales include exotic strong field quantum electrodynamical effects of pair creation γ-> e+e- and vacuum polarization and associated birefringence.   These effects require magnetic fields typically in excess of 1 TeraGauss in order to become significant and potentially measurable, i.e. are the domain of young pulsars; they have never been unambiguously verified in terrestrial laboratories.  Here, in order to interface with the current and imminently foreseeable capabilities of HEDL laser plasma experiments, the focus turns to neutron stars of somewhat lower magnetization, principally accreting neutron stars identified as millisecond pulsars, which exhibit GigaGauss fields.  The examination of laboratory plasmas containing strong magnetic fields in this range may demonstrate for the first time that the conditions appropriate to the atmospheres of these special neutron stars can be produced in an earth-based laboratory. Measurements of a plasma under such conditions may enable a breakthough in our ability to study highly dynamical phenomena such as “photon bubble” instabilities [Moon 2005], thought to be present in the low altitude plasma atmosphere above the surface of magnetized neutron stars.  They may also permit, down the line, probes of non-linear regimes of the Zeeman effect in hydrogenic atoms [Geyer 1994], insights that may spawn observational composition diagnostics at the stellar surface. 

2. Major Scientific Questions and challenges.


Measurements of very high magnetic fields in the laboratory are not only a topic of fundamental interest for the study of plasmas under extreme conditions [Lai 2001] but are of fundamental importance for evaluation of the “fast ignitor” concept for inertial confinement fusion (ICF) [Tabak 1994, Kodama 2001, 2002].  The use of a high-power laser beam for “fast ignition” promises to relax the symmetry and compression requirements for ignition of an ICF pellet by an order of magnitude.  Thus, an important aspect of the experiments is to examine the generation of these extremely large magnetic fields and their consequent effects on the dynamics of the plasma as well as on the propagation of fast electrons produced during the interaction.  

In addition, the production of extreme magnetic fields in the laboratory may give rise to phenomena which are analogous to that which can occur in the atmospheres of neutron stars – and thus would enable the systematic study of such highly magnetized plasmas [Moon 2005].

Accretion-powered pulsars shine in the X-ray band because plasma falls onto the polar caps of a strongly magnetized, rotating neutron star. Since radiation escapes from the sides of the accretion column, the pressure distribution creates strong inhomogeneities throughout the column. Below a radiation dominated accretion shock, the plasma settles and a balance is maintained between radiation pressure and gravity. Such support suggests that there is the possibility of instabilities in the flow, since a heavy fluid (plasma) is supported against gravity by a light fluid (x-ray photons). Stability investigations of such phenomena suggest the possibility of x-ray emission occurring on the surfaces of neutrons stars on millisecond timescales – which is termed the “photon bubble” – and which may explain some x-ray observations.  Here, the magnetic field strengths in the neutron star atmosphere are 0.1 - 1Gigagauss, appropriate for accreting millisecond pulsars.

A major advance in our understanding of photon bubble instabilities and related dynamical phenomena on the surface of neutron stars could be made if the conditions present in these neutron star atmospheres could be duplicated in a laboratory on earth.  To duplicate such conditions in the laboratory we require radiation temperatures of the order of 1 keV at densities of order 10-3 g/cc and magnetic field strengths from 0.1 - 1Gigagauss (which is what are expected in our experiments).  These field strengths would also be required to prevent transverse expansion of photon bubbles and confine the plasma to flow in one direction.  Consequently the research described here may lead to experimental opportunities to examine in detail the behavior of matter under these previously unexplored regimes of pressure and temperature. 

3. Experimental Approach and recent laboratory results


Previously, there has been considerable work involving measurements of magnetic fields in the underdense (coronal) plasma resulting from high power laser interactions with high density targets.  Such fields are generated due to non-parallel plasma temperature and density gradients such that magnetic fields are induced because ∂B/∂t ~ n from Maxwell’s equations [Stamper 1971, 1978, Borghesi 1998/1, 1998/2, Nilson 2006].  However, while such fields can be up to a Megagauss or more, they are typically created by the hydrodynamic motion of the ablated plasma subsequent to the high intensity laser interaction and after the conversion of intense laser light to fast electrons. 


In 1992, it was proposed [Wilks 1992] that even higher fields can be generated by relativistic laser interactions (>1018 W/cm2) due to currents produced by supra-thermal electrons accelerated in the evanescent region of the laser wave which propagate deep into the interior of the plasma.  This magnetic field is in the azimuthal direction about the laser axis of propagation and the peak field extends for about an anomalous skin depth into the plasma (i.e., d = [(c/pe)(vte/o)]1/2 where vte is the plasma electron thermal velocity).  Calculations by [Mason 1998] predicted the generation of fields up to 250 MG in the overdense plasma for moderately relativistic interactions.  Analytical discussion of the many sources of magnetic fields in hot laser-produced plasmas are presented in [Haines 1987].  


The highest predicted magnetic fields ( > 1 Gigagauss) have been predicted to exist in this overdense region of plasma [Sudan 1993, Lasinski 1999] near the critical surface during ultra-intense laser interactions (> 1019 W/cm2) and during the actual time of the interaction of the picosecond laser pulse with the high density plasma.  Such fields cannot be measured with conventional techniques such as Faraday rotation.  These fields are produced by the extreme ponderomotive force of the focused laser light which displaces electrons in the interaction region from the background ions. This effect can also greatly change the propagation and energy of fast electrons generated during the interaction and can also affect the location where such electrons deposit their energy.  


Magnetic field diagnostic techniques using Faraday rotation measurements of visible or ultraviolet probe laser beams are inadequate for measurements near the critical surface where the plasma density is high (ne ~ 1021 cm-3) since the large density gradients in these regions cause unacceptable refraction of the probe beam.  Such optical and UV probing measurements have been unable to diagnose plasmas having densities greater than 1020 cm-3 and typical measurements report fields less than 10 Megagauss  [Borghesi 1998/1] in plasma densities of about 1019 cm-3.  Large shot-to-shot variations were also noted in these experiments and it is not clear how this influenced the measurements of the magnetic field.  Thus, the development of new and innovative diagnostic techniques are required for detecting such magnetic fields – which may exist only in a very small volume of overdense material and only for a duration of less than a few picoseconds.


Therefore, the study of high magnetic fields generated by high intensity laser light is significant, both from a basic physics perspective as well as for applications of ultra-intense lasers.  The importance of the study of high magnetic fields and the related effects on hot electron propagation can be summarized as follows: 

1)  Since experimental work is presently behind theory, precise magnetic field measurements are needed to identify the important mechanisms and to verify predictions.

2)  To date the highest measured laboratory magnetic fields (up to 0.7 Gigagauss), have been inferred by laser plasma interactions at 1020 W/cm2 [Tatarakis 2002/1, Tatarakis 2002/2, Wagner 2004] using polarization  measurements of scattered radiation.  With laser pulses having intensities three orders of magnitude higher as available with present laser systems, magnetic fields greater than several Gigagauss should be measurable which should then allow a more systematic study of high magnetic field physics and the dynamics of these extreme plasmas.  

3)  Observations of the dynamics and the spatial extent of these magnetic fields may result in a new diagnostic for studying the propagation of supra-thermal electrons in overdense plasmas.  

4) The use of charged particle probes (protons/electrons) may allow the dynamics of the magnetic fields to be measured with high resolution [Borghesi 2001, Nilson 2006, Mangles 2006].


The magnetic fields which may be produced in these experiments are only an order of magnitude less than the strength of the oscillating magnetic field of the focused laser pulse itself and are comparable to those produced in exotic astrophysical phenomena such as white dwarf and neutron stars.  It is interesting to note that the cyclotron frequency of electrons in a 10 GG field is in the XUV wavelength range of the electromagnetic spectrum [Zheng 2002] – and images of such emission (if these could be distinguished from background) may also be a useful method of measuring these huge magnetic fields.

4. Numerical simulations and theory; approach, limitations and  scaling issues.

5. Future Needs and Developments: lab facilities/diagnostics/funding/ manpower/computer power/time frame for major milestones etc.

The development of charged particle probing techniques for magnetic field characterization should provide unique insights into the dynamics of these plasmas and the relevance of laboratory situations o astrophysical contexts. To examine the “photon bubble” instability for example requires the co-location of a nanaosecond high energy laser system with a Petawatt power level short pulse laser beam to produce the large B-fields plus another high power short pulse laser system to generate a particle probe beam.  Several facilities which are capable of such experiments are presently in operation (OMEGA EP, HERCULES, Texas Petawatt) and many are under construction.  After the completion of a design phase for these experiments such work could be undertaken almost immediately
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