White paper: Relativistic outflows and instabilities
Background


Violent astrophysical phenomena, which are quite common in astrophysics, often produce very energetic relativistic outflows. They include gamma-ray bursts (GRBs), relativistic jets [Fig. 1] in active galactic nuclei (AGN), jets quasars and micro-quasars, pulsar winds, and perhaps some supernova explosions associated with GRBs.  The diversity of plasma conditions in them is enormous. Pulsar winds are likely the most relativistic outflows whose Lorentz factors may be as high as 106. AGN and quasar jets are steady-state collimated outflows from accretion disks around central galactic black holes, while micro-quasars represent their downscaled version with stellar mass black holes in binary systems. The Lorentz factors of such jets range from a few to about 20 or so. GRBs are thought to be produced during collapse of massive stars and are likely to be jetted as well whose Lorentz factors are estimated to be between 100 and 1000. The composition of the outflows likely varies as well: pulsar winds are likely relativistic electron-positron plasmas, whereas plasmas in GRBs and jets is though to have the electron-ion composition, though it can be magnetic field dominated too. One should mind however that little is known for sure in the field.

The outflows are observed because they produce radiation throughout the entire electromagnetic spectrum. For this to happen, kinetic energy of an outflow shall be converted into thermal energy of the radiating electrons and, in some cases (e.g., GRBs), into the magnetic field too. The energy dissipation in the outflows happens either in collisionless shocks or via reconnection, depending on their magnetization factor. Theory and computer modeling [Fig. 2] indicates that the Weibel-like instability (i.e., a current filamentation instability) is responsible for the collisionless shock formation in GRBs and jets, as well as for particle acceleration in them, these fields are also produced in some reconnection events. The Weibel-generated magnetic fields are also needed for the synchrotron/jitter radiation production that is the observable signature of these colossal events.

Instabilities and dissipation mechanisms for relativistic beams are of central importance to laboratory plasmas as well, with the fast igniter concept for inertial confinement fusion being an example. The onset of a Weibel-like instability could defeat the igniter scheme.  Although the theory of Weibel instability dates back to 1959 and simulations of it have been abundant since the 1970s, there has been relatively little in the way of experiments to test Weibel instability of relativistic beams. Moreover, understanding of the long-term evolution of the Weibel magnetic turbulence will benefit astrophysical models used to interpret observations.


The mononenergetic and intense beams from short pulse high intensity laser experiments offer the opportunity to study the Weibel-like and other instabilities of these beams themselves in a second plasma or an extension of the original plasma, as well as to use these beams to probe the magnetic fields left behind by a prior pulse of laser or beam energy. Incidentally, the radiation intensity in GRBs is ~1019 W/cm2 (for the isotropic emission energy ~1053 erg and the emission radius ~1013 cm), which is very similar to that provided in a number of Petawatt-scale laser facilities presently in operation. Other plasma parameters are also very similar (the field and the density at internal GRBs shocks are B~0.1 MG, n~1015-16 cm-3, compare with B~(few ( 0.1) MG, n~1017-18 cm-3 in typical laser plasmas), so one can readily probe this astrophysical phenomenon in a lab experiment!
Transverse Physics of Relativistic Beams  


The basic transverse behavior of intense relativistic beams in plasmas is separated into two regimes according to whether the spot size of the beam is larger or smaller than the characteristic scale of the plasma skin depth, c/p .  For beams narrower than a skin depth, the plasma return current flows partially or completely outside the beam. Hence there is a net current on the beam axis and from Ampere’s law an azimuthal magnetic field.  If the plasma is overdense (no > nb), then the plasma shields the beam’s electric field, and the net force on the plasma is approximately evzB/c~eB~2nbe2r.  If the plasma is underdense, the electric field shielding is incomplete; all the electrons are blown out by the beam leaving a net electric force due to the field of the ion column ~ 2noe2r.  (The return current is again completely outside the beam, but the focusing due to the beam’s azimuthal B-field is cancelled to order 1/2 by the beam’s space charge force.)  In either case the beam pinches until the thermal pressure of the beam balances the net focusing force.  The individual electrons in the beam oscillate about the beam axis due to this force.  The frequency of these ‘betatron oscillations’ follows from the momentum equation:  
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with /c=k=p)1/2 and the subscript  denotes o for underdense and b for overdense plasmas.  This gives rise to the characteristic betatron radiation seen in experiments at the double Doppler shifted frequency .  In convenient units, the energy of these photons is 
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where the subscripts denote that n is in units of 1018cm-3 and gamma is units of 100.  For example, for a laser wakefield generated electron beam at an energy of 200 MeV in a plasma wake or bubble at plasma density 1019 cm-3, this expression gives the photon energy to be 1.2 keV.


The power of this radiation is given by the Larmor formula P=2/3(e2/c)', where m'=F/c.  The total energy radiated is this power times L/c where L is the length of the plasma interaction.  Note that this can be much longer than the pulse duration of the electron beam in lab experiments (e.g., it is 30 ps in a cm long plasma compared to 20 fs typical for the bunch length).   

Filament dynamics

In addition to the whole beam focusing described above, narrow beams can undergo transverse hosing due to positive feedback when small displacements of the head relative to the tail cause a transverse perturbation of the plasma that then acts on the tail to further its offset.  For very short beams, this can be avoided, and the whole beam focusing is all that is left.


For beams wider than c/p, which is the case in the fast igniter and in astrophysical jets and shocks, the transverse behavior is different [Fig. 4].  Now, the plasma return current flows within the beam, so there is no net current and no net magnetic field.  Similarly, the plasma shields the beam’s space charge and there is no net electric field.  So initially nothing happens to a wide uniform beam.  However, if there is a small perturbation of the beam density and hence current on a spatial scale smaller than c/p, then the plasma return current does not fully shield the perturbed magnetic field.  So a small clump of the beam will develop a small azimuthal magnetic around itself that will further pinch the original clump and a filament forms.  If neighboring filaments form that are both smaller than c/p, then their like currents attract and they tend to coalesce.  This is physically why filaments of order c/p tend to form and why the formal Weibel theory gives the fastest growth rate at wave number kperp~ c/p.  


A simple derivation of the growth rate of the Weibel filamentation can be obtained by considering a cylindrical Lagrangian plasma element of radius r that is perturbed inward by an amount dr as described above.  This gives rise to a perturbed current 2rdrnbec and a perturbed magnetic field and force from Ampere’s law of dF=edB=4nbe2dr.  This force acts to push the fluid element inward further.  The radial collapse of the element is given by mdr’’=dF .  This equation describes an exponential collapse on a time scale pb/( which is the growth rate of Weibel instability one obtains from a dispersion type of analysis [i.e., Re()=0, Max of Im()=pb/(].


Again we express this in terms of an engineering formula convenient for evaluating growth in high intensity laser experiments.  The e-folding length for Weibel is expected to be 
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where again the subscripts denote typical units. The current filaments coalesce on a longer time-scale in a hierarchical way and produce a self-similar distribution of the magnetic field over scales. It is thought that such a process is the key one that shapes the structure of astrophysical foreshocks – the extended regions in front of weakly magnetized collisionless shocks of astrophysical outflows. It is important to study their physics in order to understand cosmic ray acceleration in the universe.

Proposed Program:

A.  Weibel instability of laser wakefield-produced e-beams


By allowing the spot size of the beam to expand from its nominal size of 10 microns at the plasma exit to 100 microns, the beam would be much larger than c/p for plasma densities higher than about 1018 cm-3, appropriate for observing Weibel.


For example, for a beam with 0.5nC and duration 30 fs (10 microns) at a spot size of 100 microns and energy of 100 MeV, the beam density is approximately 1016 cm-3 and the characteristic growth length for Weibel from the equation above would be 2 mm.   In a second plasma a few e-foldings long, we could expect to see filaments form and to observe these directly on a detector.  By varying the plasma density over some range, the number and size of the filaments can be measured and compared to theory.  Similarly, by varying the free expansion distance to the second plasma, the beam density and hence growth rate of the instability can be varied and compared to theory as well.

Thermal Stabilization


  If the transverse temperature (i.e., emittance) of the electron beam is large enough that the particles drift transversely by more than c/p in a growth time of the Weibel, then growth may be inhibited.  In terms of an engineering formula this can be expressed as 
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Where n is the normalized emittance and  is the spot size of the beam (n= for a beam at a waist where  is its thermal angular spread).  For a typical laser generated e-beam with m and nb/no=.01 (where nb=1016 cm-3, no=1018 cm-3), this gives n>100 mm-mrad.  Although the thermal emittance of such beams is an order of magnitude smaller than this, it may diverge with an opening angle of 1 degree, which would exceed the crossing condition for Weibel stabilization.  Accordingly we can also study this with PIC simulations, beginning with cold beams, then adding the effect of temperature, opening angle, expected plasma gradients and beam profiles one at a time. 

B.  Radiation from the Beam-Plasma Interaction

The radiation of the electron beam is of interest for several reasons.  First, by looking at the beam scattering off its own Weibel-generated magnetic fields, we are directly simulating what is thought to be observed in the case of cosmic jets.  Second, the development of a radiation diagnostic could then be extended to two pulse experiments in which the short pulse e-beam (via its radiation) becomes a probe of the magnetic structures left behind by an earlier pulse.

Jitter Radiation


The radiation produced by any relativistic electron accelerated transversely to its motion is given by the Larmor expression above.  When the bending is produced by a magnetic field and the bending angle is much larger than the characteristic opening angle 1/ of the instantaneous radiation in the forward direction, this radiation is traditionally called synchrotron radiation.  In FEL parlance, this is the undulator regime; and when the beam deflection angle is much less than 1/this is called the wiggler regime. When the transverse acceleration is caused by the periodic focusing fields of a plasma or focusing optics in an accelerator, this is often called betatron radiation and the transverse beam oscillations are called betatron oscillations. Radiation in the case of small deflection angles in random (or at least, non-periodic) magnetic fields is called jitter radiation [Fig. 3]. Unlike radiation in FELs, jitter radiation is inherently incoherent. All of the above types of radiation are sometimes loosely referred to as synchrotron radiation, thus emphasizing the importance of magnetic fields and relativistic electrons. 


It is interesting to estimate the angle of the jitter or betatron motion in the self-generated Weibel fields.  For an impulse approximation Ftmc=eBL/mc2 where L is the length the beam takes to cross a filament of typical size c/p. Taking L~ (c/p)and using B~2nfec/p where nf is the beam density of the filament gives for 
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For the examples above this is a little more than 1o and 1/ is about a third of a degree. The two angles are comparable, so we may expect the radiation spectrum to be in between the undulator and jitter regimes – an interesting regime that is difficult to analyze theoretically. The deflection angle is also large enough to be detected via a slight increase in the angular spread of the beam. 

The radiation frequency is p/() or B in the jitter or synchrotron regimes, respectively, see Eq. (2). The power emitted in both regimes from the beam interacting with its own Weibel-generated magnetic field in a second plasma can be estimated from the Larmor formula above with n replaced by the density of the focused filament (nominally an order of magnitude more than the beam density or 1017 cm-3 for the example above).  For the example above, the filament magnetic fields will be on the order of 0.1 MG, the photon energy would correspond to ~50 eV soft x-rays at =200.  The Larmor formula gives P~104BG22 eV/s, so for a 1 cm interaction (t=30ps) with BG=105 and =200, there would be roughly 105 of these photons produced.  

Other related experiments


Related experiments are presently being designed with high intensity lasers (such as that at the University of Michigan) to address such astrophysical issues. One experiment will address the effects that result when an electron beam interacts with the "relativistic turbulence" left behind by a previous laser beam. This type of interaction is believed to produce the electromagnetic radiation we observe from relativistic jets, but cannot be modeled by the traditional synchrotron theory that applies to large regions of uniform magnetic field. 


In this scheme one laser beam would drive a wakefield in the blowout regime, producing a ~ 100 MeV quasi-monoenergetic electron beam. This beam has a divergence somewhat less than a degree experimentally. The beam travels some distance, estimated here as ~ 1 cm, before interacting with the structure described below. This implies that the beam diameter at the structure is no longer small, being in the range of 50 to 150 µm. The beam then has the shape of a pancake, being less than (c(30 fs) ~ 10 µm thick along the direction of propagation. 


One goal is that some of these electrons will be deflected by interacting with some structure, producing detectable “jitter radiation”. 


A physics issue for this electron beam, when it encounters the second gas jet and the plasma in it, is whether it goes Weibel unstable and breaks up. 

The target for the electron beam should be the wakefield structure from another wakefield. The turns out to have a dominantly radial electric field at small amplitude but to have comparable radial electric field and azimuthal (theta) magnetic field (in energy density) for strongly nonlinear wakes. The first electron beam would interact with several oscillations of the wakefield. 


The size of these fields are roughly the wavebreaking field, observed to have eEz/(mcwpe)~1. The electrons in our interaction beam oscillate in the wakefield as they traverse it. The maximum impulse is that received over a time Dt~1/wpe giving an impulse of ~ mc so Dp/p ~ 1/g since p ~ gmc. This will be the maximum deflection. Most electrons will be deflected less than this. This amount of deflection is in the range that corresponding to the regime of interest. This interaction will not scatter the electrons much outside of the beam spot, but should change the shape of the spot, making it asymmetric. We can hope to detect this. 


The beam electrons will radiate in the jitter regime and the peak radiation frequency will be g2 c/d, where d is the interaction distance. This gives x-ray radiation for such experiments, which we could hope to detect: 


E ~ 100 MeV, g ~ 200, d ~ 3 µm, c/d ~ 1014/s, w ~ 4 x 1018/s, 


Photon energy ~ 2.5 keV 

These x-rays will be strongly forward directed, but there also may be some x-rays from the first wakefield interaction. There are at least three options for detection: 

1. Compare the signal with and without the second wakefield.

2. Screen the first x-rays by sending the electron beam through a filter.

3. Deflect the electron beam magnetically before the second interaction. 


This interaction of electrons with the wake structure has some additional interest as a possible AC free-electron-laser wiggler for short wavelength. There are papers by C. Joshi et al. in J. Quantum Elec. ’85 and by R. Williams et al. in the late 1980’s. 


There are other options, though more complicated. One would be to use a longer-pulse, lower-irradiance second beam to drive stimulated Raman backscatter. This would then produce a forward going beam of electrons by wavebreaking. These electrons in simulations would definitely undergo Weibel and thus would produce magnetic structures. But unless we can devise techniques to examine these structures, such experiments would be very dependent on simulations. Even so, such Weibel is of significant astrophysical interest.  
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Figure 1.
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Figure 2.
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Figure 3. Power spectra of jitter radiation obtained from 3D PIC simulations (Nishikawa et al 2009) for different angles between the electron beam and line-of-sight. The characteristic (1 jitter spectrum follows from the convolution of individual ones.
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Figure 4. 3D PIC simulations of the Weibel instability in electron-positron laser-produced plasma. (I’ve taken this from Luis Silva’s talk; we need to ask Luis for permission)
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