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Structure of a magnetic flux annihilation layer formed by the collision of supersonic, 

magnetized plasma flows 
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We present experiments characterizing the detailed structure of a current layer, generated by the collision 

of two counter-streaming, supersonic and magnetized aluminum plasma flows. The anti-parallel magnetic 

fields advected by the flows are found to be mutually annihilated inside the layer, giving rise to a bifurcated 

current structure – two narrow current sheets running along the outside surfaces of the layer. Measurements 

with Thomson scattering show a fast outflow of plasma along the layer and a high ion temperature (Ti~  Te, 

with average ionization   =7). Analysis of the spatially resolved plasma parameters indicates that the 

advection and subsequent annihilation of the inflowing magnetic flux determines the structure of the layer, 

while the ion heating could be due to the development of kinetic, current-driven instabilities. 
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The interaction of supersonic, counter-streaming plasma 

flows occurs in many astrophysical scenarios (e.g. 

astrophysical jets [1], termination shocks [2,3]) and in 

laboratory experiments (e.g. colliding plasmas in ICF 

hohlraums [4]). The presence of frozen-in magnetic fields 

advected by the colliding flows could play an important 

role in determining the structure of the interaction region in 

these systems. Collisions of magnetized plasmas with 

oppositely directed magnetic fields should eventually lead 

to annihilation of the flux via magnetic reconnection. In 

many astrophysical scenarios reconnection occurs in high 

beta plasmas and is strongly driven, with ram pressure 

significantly exceeding the magnetic pressure. The 

structure of the reconnection layer in these conditions is 

unknown, but is expected to adjust to accommodate the rate 

of magnetic flux delivered into the layer, where for 

example, a pile-up of the magnetic flux could contribute to 

controlling the reconnection rate [5,6]. A number of recent 

laser-driven, high energy density physics (HEDP) 

experiments [7–10] have investigated magnetic 

reconnection in the strongly driven regime, as well as the 

formation of astrophysically relevant collisionless 

shocks [11] and self-organized field structures [12]. Large-

scale field structures produced by collisions between laser-

driven plasma flows have for example been interpreted [11] 

as being due to the accumulation of advected toroidal 

magnetic fields generated via the Biermann battery 

mechanism at the laser spots [13]). Despite the importance 

of magnetic fields in defining the properties of shocks 

formed in HEDP plasmas, experimental information is 

however still limited. 

In this letter we present experimental data characterizing 

the structure of an interaction layer formed by the collision 

of two counter-streaming, supersonic (sonic Mach number 

MS>3), magnetized plasma flows. These flows advect 

embedded magnetic fields (Magnetic Reynolds number 

ReM>30), orientated in opposing directions perpendicular to 

the flow, and their interaction is strongly driven [i.e. high 

dynamic Beta regime, dyn=Vflow
2
/(B

2
/20~7]. The 

experiments provide detailed, simultaneous, spatially-

resolved measurements of the key plasma parameters: flow 

velocities and temperatures via Thomson scattering, the 

distribution of the magnetic field via polarimetry, and the 

electron density distribution via laser interferometry. We 

observe the formation of a thin current layer (half-thickness 

δ≈0.5mm, comparable to the ion inertial length c/ωpi), 

which is supported by the balance between the ram pressure 

of the flow and the thermal pressure inside the layer, for a 

time significantly exceeding the expected characteristic 

hydrodynamic timescale (τlayer>20/Vflow). The measured 

magnetic field distribution indicates that the destruction of 

magnetic flux takes place at the layer surfaces, consistent 

with two narrow, localized current sheets. Measurements 
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also show a high ion temperature in the layer (Ti ~   Te, with 

  ~7).  

The experiments were carried out at the MAGPIE pulsed 

power facility [14] using the set-up illustrated in Fig. 1a & 

b. The supersonic counter-streaming plasma flows are 

produced by the ablation of thin aluminum (Al) wires 

driven by a 1.4MA, 250ns-rise current pulse. These are 

arranged to form two cylindrical “exploding” wire 

arrays [15], with the total current equally divided between 

the two arrays. The current J in each array runs up the wires 

and returns through the central conductor, as indicated in 

Fig. 1a. Ablation flows form in a similar manner to those 

produced by standard (“imploding”) wire arrays [16–18], 

however here the J×B force acts to direct the plasma 

radially outwards, into a region initially free of magnetic 

fields. The ablated plasma is accelerated away from the 

wires, reaching a velocity of ~50km/s within the first 1-

2mm, and thereafter propagates with an almost constant 

velocity. Previous measurements [19,20] have 

demonstrated that the plasma flows generated by a single 

exploding wire array have a frozen-in, azimuthal, advected 

magnetic field (B~2T), and are super-fast-magnetosonic. 

The arrays used in the current experiments consist of 16, 
40µm-diameter Al wires, 16mm in length, positioned on a 

16mm diameter (Fig. 1a). The gap between the two arrays 

is 11mm and they are driven in the same polarity, such that 

when the advected magnetic fields meet they are oriented in 

opposite directions, and their interaction should lead to the 

annihilation of the magnetic flux.  

The interaction of the colliding plasmas was diagnosed 

using a range of diagnostics, allowing simultaneous 

measurements of the relevant plasma parameters with high 

spatial and temporal resolution. A Thomson scattering (TS) 

diagnostic [20,21] was used to record the ion feature of the 

collective TS spectrum, measuring the flow velocity and 

temperatures (Ti,   Te) of the plasma. The distribution of 

magnetic field was measured using a polarimetry (Faraday 

rotation) diagnostic (1053nm, 1ns) [20], while the electron 

density was obtained in end-on (x-y) and side-on (x-z) 

directions via laser interferometry (532 and 355nm, 0.3ns, 

and 1053nm, 1ns) [20,22]. 

Typical end-on and side-on interferograms obtained at 

t=215ns after current start, when the interaction layer is 

fully formed are shown in Fig. 1c & d. In this letter we 

shall concentrate on the detailed characterization of the 

layer properties at this time. Measurements were performed 

at various times between t=160ns, when the layer becomes 

detectable by interferometry (electron line density ∫nedl 

corresponding to a ½-fringe shift), and t=265ns, when the 

drive current has passed its peak. These measurements 

indicated that while the density of the accumulated plasma 

increases with time, the overall structure of the layer and its 

thickness (2δ~1mm) remain constant. The interferograms 

are processed into maps of ∫nedl by applying the analysis 

procedure described in [20,22]. For the end-on data the 

maps can be further converted to electron density ne, by 

dividing ∫nedl by the probing path length (i.e. array height), 

on the basis that the density structure is approximately 

uniform in the axial (z) direction. 

The end-on electron density map (Fig. 2a, raw image in 

Fig. 1c) shows the radially diverging plasma flows 

produced by the wire arrays for the region indicated in Fig. 

1a. The ablated plasma density close to each array is 

modulated azimuthally due to the use of a relatively small 

number of wires in these experiments (16 per array). The 

observed flow structure however evolves downstream of 

the wires via the oblique collision of the individual streams 

(as described in [19,22]), smoothing out these modulations 

in the region just upstream of the interaction layer. 

Comparison of radial profiles of the density at analogous 

azimuthal positions (e.g. profiles marked “1” and “2”) 

shows that the upstream flow structure is not affected by 

the subsequent interaction, as should be expected for a 

supersonic flow. The collision of the opposing flows leads 

to the formation of a dense, axially-smooth, narrow layer in 

the mid-plane, extending across the length of the image in 

the y-direction, perpendicular to the flow. Within the layer, 

it is noted that the maximum density is not located at the 

central position (x,y=0), despite it receiving the highest 

influx of material from the flows. This is due to a 

 

FIG.1 Cross-sectional schematic diagrams of the production of two 

magnetized, colliding plasma flows from (a) end and (b) side views. (c,d) 
Corresponding interferograms of the structure of the interaction region 

from each perspective (fields of view indicated in schematics). 

 

 
FIG.2 (a) End-on electron density map, obtained by interferometry, 

showing probing geometry of the Thomson scattering (TS) laser beam, and 
positions (black dots, A-C) of TS measurements whose spectra are shown 

in Fig. 3. (b) TS geometry vector diagram. 
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symmetric outward plasma motion along the layer, which 

we directly measure using Thomson scattering. 

The multi-point TS diagnostic, whose geometry is 

illustrated in Fig. 2, operated simultaneously with the 

interferometry measurements. The focused probing laser 

beam (532nm, 5ns FWHM, 3J, ∅ < 200µm) propagated in 

the x-y plane, at an angle of 22.5° to the interaction layer. 

The position (y-coordinate) at which the probing beam 

crossed the layer was adjusted between different 

experiments to sample different regions of the plasma. The 

scattered light was collected in the same plane, from 13 

spatial positions along the beam, at scattering angles of 

=45° & 135° to the laser, using an imaging spectrometer 

and two linear arrays of optical fibres (see [20,21] for more 

details). Alignment of the TS diagnostic and determination 

of the scattering volume locations with respect to the 

interferogram was performed as described in [20], with a 

precision of ≤0.2mm. The scattering geometry (Fig. 2b) 

produces separate measurements sensitive to the 

components of the flow velocity perpendicular (Vx) and 

parallel (Vy) to the interaction layer respectively. These are 

determined from the Doppler shift of the TS spectra as 

δωD1=kSx·Vx and δωD2=kSy·Vy. 

Characteristic TS spectra from three key spatial positions 

in the interaction are shown in Fig. 3a-c. These spectra 

were recorded simultaneously with the interferometry data 

presented in Fig. 2a and their positions are marked in that 

figure (A-C, with black dots representing the spatial 

resolution of the measurements). The TS Data obtained 

upstream of the layer (e.g. position A, spectrum Fig. 3a) 

indicates that the flows approach the interaction layer with 

an incident velocity of approximately 50km/s in the 

direction normal to the layer. On crossing the layer 

boundary, this Vx component falls to zero (e.g. as shown in 

Fig. 3b), however we see that the plasma inside the 

interaction layer acquires significant motion in the 

perpendicular y-direction (e.g. Fig. 3c). Measurements at 

positions C (y=-1.0mm) and B (y=-3.7mm) yield Vy=-

30km/s and -60km/s respectively, indicating an outward 

acceleration of material along the layer. Fig. 3d illustrates 

this motion in comparison to the plasma outside of the 

layer; Vy is plotted as a function of x for the 13 scattering 

positions along the probing TS beam in a single experiment 

(with the beam passing through position C in Fig. 2a). This 

shows that there is a clear perturbation within the layer 

from the linear velocity profile (dashed line) of the 

upstream plasma – this non-zero upstream Vy profile being 

due to the cylindrical divergence of the setup (Fig. 1a). 

Fitting theoretical form factors to the measured TS 

spectra (similar to [20,23]) allows us to obtain plasma 

temperatures (Fig. 3e). We note that local temperatures 

obtained from fits to the spectra from each of the separate 

scattering directions (Fig. 2b) were in agreement. This 

strongly suggests that the shape of the scattering spectra is 

determined by thermal motion, and not by possible 

variations of the flow velocities inside the scattering 

volumes. The upstream plasma was found to be cold 

(Ti=22±10eV, Te<20eV), while inside the layer the ion 

temperature rises rapidly, reaching Ti≈300eV at the most 

centrally measured position (C). The electron temperature 

in the layer is best determined from the spectra obtained for 

the 45° scattering angle (e.g. Fig. 3b), yielding 

  Te=320±20eV. Using this measured value to constrain the 

magnitude of the product, a non-LTE model [24,25] can 

then be applied to calculate self-consistent values of    and 

Te, which provides a best estimate of average ionization 

  =7.3 and Te=43eV. We emphasize that in all experiments 

the measured ion temperature significantly exceeded the 

electron temperature inside the layer, with Ti~  Te. 

The distribution of the magnetic field was measured 

using simultaneous side-on polarimetry and interferometry. 

Polarimetry images were taken using two channels with 

oppositely rotated linear polarizers at ±3° from extinction. 

The Faraday rotation images were analyzed using the 

procedure described in detail in [20], yielding a 2-D map of 

the rotation angle (x,z) as shown in Fig. 4b. It is seen that 

the rotation angle has different signs on the two sides of the 

 
FIG.3 (a-c) Fitted TS spectra for the 3 spatial points in the interaction 

region marked in Fig. 2a. Dotted line (λ0) indicates spectrometer resolution. 
(d,e) Profiles of Vy(x) and Ti(x) measured in a single experiment for 

scattering volumes along the TS beam when passing through position C in 

Fig. 2a. 

 
FIG.4 Side-on maps of the interaction region showing (a) electron line 
density (interferometry), (b) Faraday rotation angle, and (c) magnetic field. 

Ring structures evident in the data are artifacts caused by dust spots. 
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layer, as expected for the magnetic field geometry of this 

set-up (Fig. 1b). The Faraday rotation angle is determined 

by both the magnetic field and electron density [26]. The 

average magnetic field in the y-direction can be found by 

dividing the rotation angle by the line density: 

        
       

   

  λ
 

      

               
 (1) 

and the resulting map is shown in Fig. 4c. The distribution 

of the magnetic field is approximately uniform in the z-

direction, with some noise on smaller spatial scales due to 

the small values of the Faraday rotation angle (~1°). To 

reduce the effect of the noise we average in the z-direction 

over an interval of z=6mm in the middle of the image to 

produce the magnetic field profile of Fig. 5a. Outside the 

interaction layer B=±2T; the field then peaks in a narrow 

interval at the layer’s surface before rapidly dropping to 

almost zero inside. The corresponding current density 

distribution (jz=-1/µ0·∂By/∂x) consists of two narrow, bi-

directional current sheets located at the boundaries of the 

layer (Fig. 5b). This field structure is consistent with the 

compression of the advected magnetic field at the shock, 

followed by a rapid dissipation of the magnetic flux in a 

narrow (≈0.1mm) region at the boundary of the layer. The 

mean free paths for electrons and ions in the plasma are 

much shorter than the spatial scales involved (λii~λei~3µm), 

suggesting the plasma is strongly collisional. The magnetic 

field pile-up occurs at │x│~0.5mm, which is comparable to 

the ion skin depth c/ωpi~0.3-0.4mm. This suggests that two-

fluid physics such as the Hall Effect play an important role 

in this system, as the ions decouple from the electrons on 

the scale at which we see flux pile-up. 

The plasma layer formed in these experiments appears to 

be in dynamic equilibrium, maintaining an approximately 

constant thickness over a timescale much longer than the 

characteristic hydrodynamic time. Using the measured 

plasma parameters we find that there is a close balance 

between the ram pressure of the incoming flow and the 

thermal pressure of the plasma in the layer, and also 

between the ram pressure and the magnetic pressure of the 

piled-up field. We note that the magnetic pressure is not 

important in the upstream flow [V
2
/(B

2
/20)=2MA

2
~7], 

nor inside the layer, where the magnetic pressure is 

negligible in comparison to thermal pressure. 

 The energy balance presents a more complicated and 

interesting situation due to an unexpectedly high ion 

temperature (Ti≈300eV) inside the layer. The 50km/s 

velocity measured upstream of the layer boundary, where Ti 

is small, corresponds to Al ions with a directed kinetic 

energy of Ei=340eV. Thermalization of this kinetic energy 

(assuming no energy is transferred to the electrons) gives a 

maximum possible ion temperature of Ti=(2/3)Ei=230eV. 

This is already smaller than the measured post-interaction 

Ti. The time for energy exchange between the electron and 

ion populations, ei
E
~20ns, is much shorter than the life-

time of the layer and should lead to Ti~Te and not Ti~  Te. 

The expected post-shock plasma temperature corresponding 

to equilibration between the ion and electron temperatures 

can be estimated using a standard expression for heating in 

a strong shock  [27]: 

      
      

      

 

      
  (2) 

Using =5/3 yields a much lower temperature of 

Ti=Te~30→15eV for   =3→7, while the immediate post-

shock ion temperature is Ti~120eV, corresponding to   =0 

in the above formula. 

These estimates suggest that the post-shock ion 

temperature should be significantly smaller than measured, 

even without taking into account energy losses to ionization 

and radiative cooling. This in turn suggests that there must 

be a mechanism providing continuous heating of the ions, 

in order to sustain both their high temperature and the large 

difference between the ion and electron temperatures.  

The most plausible explanation for the observed ion 

heating is that it occurs in the current sheets formed at the 

boundaries of the layer. The large spatial gradients of the 

magnetic field seen in this region (Fig. 5) correspond to 

current densities of the order of ~1-2MA/cm
2
, however 

resistive heating of the plasma by this current should only 

heat the electrons, and the subsequent transfer of energy to 

the ions cannot explain the observed Ti~  Te>>Te. 

Enhanced heating of the ions has been extensively 

discussed, e.g. in the context of magnetic reconnection 

studies [28–31], and is often associated with the 

development of current-driven kinetic plasma turbulence. 

The high current density at the boundary of the current 

layer corresponds to a velocity of the current-carrying 

electrons (uez=jz/ene) exceeding the ion sound speed 

(uez/CS~5). This could lead to the development of e.g. ion-

acoustic or lower hybrid drift instabilities [32], but 

additional experiments will be needed to investigate this 

further. 

In summary, these experiments have provided a detailed 

characterization of the interaction layer formed by the 

collision of two counter-streaming, magnetized, supersonic 

plasma flows with oppositely oriented magnetic fields. We 

find that the pile-up, and the subsequent dissipation of 

magnetic flux, occurs in a narrow region at the boundaries 

of the interaction layer, forming a bifurcated current 

structure. The layer has a half-thickness of δ~c/pi, and is 

supported in a quasi-steady state by the balance between 

the ram pressure of the incoming flow and the thermal 

 
FIG.5 (a) z-averaged profile of the measured (blue dots) magnetic field 

By(x), and (b) profile of the current density calculated for a fitted magnetic 

field profile shown by the red dashed line in (a). 
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pressure in the layer. Thomson scattering measurements of 

the plasma parameters show that the plasma inside the layer 

moves outwards, along the B-field of the incoming plasma 

flows, with a speed comparable to the inflow velocity. The 

measured ion temperature is unexpectedly high in 

comparison with the electron temperature, a situation 

incompatible with purely resistive heating. It is possible 

that the observed strong ion heating is driven by the 

development of kinetic instabilities in the current sheet, but 

the exact mechanism responsible for this is unknown at 

present. 

This work was supported in part by EPSRC Grant No. 

EP/G001324/1, and by DOE cooperative agreements No. 

DE-F03-02NA00057 and No. DE-SC-0001063.  
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