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We present measurements of a magnetic reconnection in a plasma created by two laser beams (1 ns
pulse duration, 1! 1015 W cm"2) focused in close proximity on a planar solid target. Simultaneous
optical probing and proton grid deflectometry reveal two high velocity, collimated outflowing jets and
0.7—1.3 MG magnetic fields at the focal spot edges. Thomson scattering measurements from the
reconnection layer are consistent with high electron temperatures in this region.
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Plans for achieving ignition by inertial confinement on
the National Ignition Facility and the Laser Mégajoule will
use a hohlraum-generated, temporally shaped radiation
drive to implode a deuterium-tritium pellet. The thermal
radiation drive is generated by focusing multiple laser
beams in close proximity to each other on the inner surface
of a high-Z hohlraum cavity [1].

A detailed knowledge of the hohlraum plasma evolution
is required for improving hohlraum design and for bench-
marking multidimensional radiation hydrodynamic codes.
Magnetic fields are often important for electron energy
transport [2] in such experiments but, until recently, have
largely been ignored and have proven difficult to imple-
ment into existing codes. Experimental benchmarking data
is required, and consequently there is much interest in
spatially resolved measurements of the evolution of hot
(>1 keV) and dense (ne > 1019 cm"3) plasmas. Schemes
investigated include laser-exploded foils [3,4] and the con-
vergent flows from conical [5] and cylindrical targets [6].

In this Letter, we present measurements of the plasmas
created by closely focusing two heater beams on a planar
foil target. The two plasmas typically collide and stagnate,
yet for laser spot separations of greater than about seven
focal spot diameters, the sudden appearance of two very
distinct, highly collimated jets can be observed. The azi-
muthal rTe !rne magnetic fields that are generated
around each laser spot [7] have also been observed using
proton deflectometry. These measurements reveal plasma
dynamics and a magnetic field distribution in accordance
with a reconnection geometry.

During reconnection, two counterstreaming plasmas
meet, and the local diffuson of a magnetic field within a
neutral current sheet allows field lines to break and recon-
nect [8]. Some fraction of the magnetic energy is converted
into thermal energy as the system relaxes to a lower energy
state and reorganizes its field line topology [9,10]. Several
theories have identified the important role of field-aligned

outflowing jets in energy conservation. However, many
details of the acceleration and heating mechanisms remain
unknown. In our experiment, Thomson scattering measure-
ments in the reconnection layer reveal high electron tem-
peratures of 1.7 keV. Such high electron temperatures are
in contrast to the high ion temperatures that are more
consistent with a hydrodynamically stagnating plasma in
the absence of magnetic fields [11,12]. The experimentally
observed plasma flows and magnetic field convection, high
electron temperatures, and jet formation are consistent
with a magnetic reconnection.

The experiment used the Vulcan laser at the Rutherford
Appleton Laboratory, UK. The experiment is shown in
Fig. 1. Two heater beams, with wavelength ! #
1:054 "m, irradiated either an aluminum or gold target
foil. A 1 ns duration square pulse was used with an average
energy of 200 J per heater beam. The targets were 3 mm!
5 mm foils of 20–100 "m thickness. Each beam was
focused using f=10 optics to a focal spot diameter of
30–50 "m FWHM, giving an incident laser intensity of
1! 1015 W cm"2. The two heater beams were aligned
with varying on-target separations.

 

FIG. 1 (color online). The target geometry and field configu-
rations.
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Collisionless magnetic reconnection will be  
studied with the OMEGA EP short-pulse beams!
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The plasma dynamics created by two heater beams at the 
surface of a planar solid target was studied 
 
•  A magnetic reconnection geometry was self generated with  

two closely focused laser spots: 1015 W/cm2, 1-ns pulses 

•  Observations consistent with a magnetic reconnection were made 
-  the formation of a driven magnetic reconnection field distribution 
-  the interaction of MG-level magnetic fields in a reconnection layer 
-  collimated, high-velocity jet formation 
-  high electron temperatures in the reconnection layer  

 
•  A magnetic reconnection experiment driven by high-energy petawatt 

(HEPW) lasers has been proposed (PI: Ji): 1018 W/cm2, 10-ps pulses 
 
•  The first shot day successfully demonstrated the timing and pointing  

capabilities necessary for these studies; an initial assessment of  
particle acceleration and jet formation was made  

 
 

 
 

Summary 

New diagnostics are required to probe the magnetic  
fields that are generated in these experiments 



Collaborators: UK Experiments 
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Magnetic fields are generated by non parallel electron  
density and temperature gradients 

Self-generated magnetic reconnection in the HED regime 

UK Experiments 



The experiments were carried out at the Vulcan Laser  
Facility at the Rutherford Appleton Laboratory 
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A single region of expanding plasma develops when the 
two heater beams are separated by ~200 µm n



Time-integrated x-ray pinhole imaging shows  
heating due to a plasma collision 



Sudden jet formation occurs for larger laser-spot 
separations of ~400 µm n



Jet formation occurs at an angle to the target surface 
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Greater jet collimation is observed in gold target 
interactions consistent with radiative cooling 



Interacting MG-level azimuthal magnetic fields were 
measured with proton deflectometry 



Thomson scattering measurements show keV electron 
temperatures in the Al interaction layer 



Thomson scattering measurements show keV electron 
temperatures in the Al interaction layer 



The plasma dynamics created by two heater beams at the 
surface of a planar solid target was studied 
 
•  A magnetic reconnection geometry was self generated with  

two closely focused laser spots: 1015 W/cm2, 1-ns pulses 

•  Observations consistent with a magnetic reconnection were made 
-  the formation of a driven magnetic reconnection field distribution 
-  the interaction of MG-level magnetic fields in a reconnection layer 
-  collimated, high-velocity jet formation 
-  high electron temperatures in the reconnection layer  

•  Much is to be understood in these interactions 
-  magnetic field dynamics 
-  jet formation 
-  ‘bursty’ dynamics over long drive times (>10 ns) 
-  heating dynamics  

 
 

 
 

Summary: UK Experiments 
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OMEGA EP offers exciting potential for studying particle 
acceleration in collisionless magnetic reconnection 

•  The most interesting astrophysical environments for particle  
acceleration by magnetic reconnection are collisionless,  
magnetically dominated, and have a system size much larger  
than the ion skin depth. 

•  These conditions can be approached with picosecond laser-solid  
Interactions at intensities of more than 1018 W/cm2. 
 
•  The OMEGA EP laser facility uniquely combines two HEPW-class  
beam lines capable of generating a collisionless magnetic  
reconnection geometry.  
 
•  A suite of high-energy particle and x-ray diagnostics exists. 

Experiments on OMEGA EP could provide important data for  
understanding the energized particle spectrum from  

collisionless magnetic reconnection. 

OMEGA EP Experiments 



HEPW-laser interactions with solid target generate  
extreme HED conditions over ps timescales 

•  Laser parameters 
-  energy: 100-J to 2.6-kJ @ 1 µm 
-  pulse duration: 1- to 100-ps (20-ps) 
-  spot diameter: tens of microns 
-  focused intensities: >1018 W/cm2  

 
•  Targets 

-  mm × mm planar foils 
-  µm to several-hundred µm thick 
-  various Z: CH, Al, Au 

 
•  Plasma parameters 

-  tenuous coronal plasma >0.05ncr 
-  MG to GG (?) magnetic fields 
-  MeV hot electrons 
-  MeV proton beams 
-  eV to keV thermal temperatures @ solid density 

 
 

 
 
 
 



Many open questions exist in HEPW-laser interactions  
with solid targets 

•  What is the magnitude of the azimuthal grad ne × grad Te field? 
-  spatial extent of the magnetic field distribution? 
-  temporal evolution of the magnetic field distribution? 
-  defines the optimum spot separation for reconnection 

 
•  Are there larger magnetic fields at the critical surface? 

-  100’s MG to GG? 
-  what is the magnetic field topology in this region? 

•  ** Do PIC models predict magnetic reconnection in this regime? ** 
 

 
 
 
 

These considerations reveal a large parameter  
space for designing experiments 



The evolution of B fields in ps laser-solid interactions  
were measured with Faraday rotation 

Magnetic fields generated by OMEGA EP  
have not been characterised 

Laser: 10 J, 1.5 ps 
Intensity: 5 × 1018 W/cm2  
Target: Al foil 
Timing: t0 + 12 ps 
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critical density). Electric currents are limited so that the
electron drift velocity yD ≠ s= 3 Bdyr cannot exceed a
given fraction of the thermal velocity ye. This is done
by imposing a correction term to the collision frequency
nei when yD . ylim ≠ 10cs (¯ 1

6ye), where cs is the ion
sound speed. This correction is due to the onset of ion-
acoustic turbulence [14]. Additional transport effects, such
as Righi-Leduc and Nernst terms, are ignored, and trans-
port by ions or suprathermal electrons is not included.
Magnetic fields with a maximum amplitude up to a few

MG were detected in the experimental measurements. Be-
cause of the high temporal resolution of the probe diagnos-
tic, a quantitative measurement of the transient nature of
the fields has been obtained for the first time. Interest-
ingly, no Faraday rotation was detected immediately af-
ter the interaction, a possible reason being that the fields
were still limited to regions not accessible for probing. Af-
ter 5 ps the typical signatures corresponding to a toroidal
field surrounding the laser axis (i.e., a dark and a bright
pattern on opposing sides of the axis, in the proximity of
the target surface) began to appear. The strongest rota-
tions were detected between 6 and 12 ps after the interac-
tion. Two polarigrams obtained 12 ps after the interaction,
with the polarizers set29± and112± off normal are shown
in Figs. 1(a) and 1(b). As expected, the dark-bright pat-
tern reverses as the angle between the polarizers is changed
from a value below 90± to a value above 90±. The sense of
rotation is the same as observed in previous measurements
in longer pulse regimes [3,4], and is consistent with fields
generated by the thermoelectric mechanism [1].
A map of the product neB (electron density times mag-

netic field) in the plasma was obtained by Abel inverting
the rotation angle measured off the polarigrams. The B-
field amplitude could then be inferred by using an inde-
pendent measurement of the density. For this purpose, a
similar temporal sequence of interferograms, from which
the evolution of the plasma density with time could be ob-

tained, was acquired. An interferogram recorded for simi-
lar experimental conditions as the Faraday rotation images
is shown in Fig. 1(d).
The magnetic field contours obtained from the polari-

gram of Fig. 1(a) are shown in Fig. 2. The largest fields
detected at this time were of the order of 2–3 MG at
an electron density of s3 5d 3 1019ycm3. The maximum
field measured at a fixed density s4 3 1019ycm3d versus
time is shown in Fig. 3. The relatively large errors in the
measurements are mainly due to shot-to-shot variations of
the laser parameters and, consequently, of the plasma con-
ditions that particularly affect our measurements since the
interferograms were taken on separate shots. However,
within the error bars of the measurement, the observed field
clearly decreases with time. In addition, at 20 ps after the
interaction small scale structures begin to appear, break-
ing up the uniformity of the rotation pattern. Because of
this, and also because of the overall decrease of the rotation
angle, it becomes difficult to extract a value for the field
amplitude from data taken after 20 ps. At 50–60 ps af-
ter the interaction, no rotation is detectable above the
background noise, meaning that no field larger than 200–
300 kG (i.e., the sensitivity of our diagnostic in these
experimental conditions) is present in the region of the
plasma that could be probed. It should be noted here that,
as it can be seen in Fig. 2, the plasma region in which the
fields could be measured was limited not only by refrac-
tion, but also by self-emission noise in the region close to
the laser axis (within 10–20 mm from the laser axis).
To simulate the experiment, the MH2D code was run for

an Al foil irradiated with a 1.5 ps pulse at an irradiance
of 5 3 1018 Wycm2. An exponential density profile with
a scale length of 1 mm was used in the initial conditions.
The solid density was approximated with a 100 times nc
plasma. The code was sensitive to the setting of various
parameters, such as the choice of a s1 1 vtd21 (Bohm)
rather than a s1 1 v2t2d21 (Braginsky) reduction in heat

FIG. 1. (a), (b) Polarigrams taken 12 ps after the interaction of a 10 TW, 1.5 ps laser pulse with a solid Al target, with the two
polarizers 29± and 112± off crossed. The position of the target surface is indicated by the arrows. (c) Schematic showing the
main features of the polarigrams. (d) Interferogram recorded 15 ps after the interaction.
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A magnetic reconnection experiment driven by  
high-energy petawatt lasers was proposed (PI: Ji) 

Anti parallel fields  
for reconnection 

Field reconnects at  
an angle 

No reconnection  
expected 



The first OMEGA EP experiment demonstrated the  
required pointing and timing accuracy 
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Plans for achieving ignition by inertial confinement on
the National Ignition Facility and the Laser Mégajoule will
use a hohlraum-generated, temporally shaped radiation
drive to implode a deuterium-tritium pellet. The thermal
radiation drive is generated by focusing multiple laser
beams in close proximity to each other on the inner surface
of a high-Z hohlraum cavity [1].

A detailed knowledge of the hohlraum plasma evolution
is required for improving hohlraum design and for bench-
marking multidimensional radiation hydrodynamic codes.
Magnetic fields are often important for electron energy
transport [2] in such experiments but, until recently, have
largely been ignored and have proven difficult to imple-
ment into existing codes. Experimental benchmarking data
is required, and consequently there is much interest in
spatially resolved measurements of the evolution of hot
(>1 keV) and dense (ne > 1019 cm"3) plasmas. Schemes
investigated include laser-exploded foils [3,4] and the con-
vergent flows from conical [5] and cylindrical targets [6].

In this Letter, we present measurements of the plasmas
created by closely focusing two heater beams on a planar
foil target. The two plasmas typically collide and stagnate,
yet for laser spot separations of greater than about seven
focal spot diameters, the sudden appearance of two very
distinct, highly collimated jets can be observed. The azi-
muthal rTe !rne magnetic fields that are generated
around each laser spot [7] have also been observed using
proton deflectometry. These measurements reveal plasma
dynamics and a magnetic field distribution in accordance
with a reconnection geometry.

During reconnection, two counterstreaming plasmas
meet, and the local diffuson of a magnetic field within a
neutral current sheet allows field lines to break and recon-
nect [8]. Some fraction of the magnetic energy is converted
into thermal energy as the system relaxes to a lower energy
state and reorganizes its field line topology [9,10]. Several
theories have identified the important role of field-aligned

outflowing jets in energy conservation. However, many
details of the acceleration and heating mechanisms remain
unknown. In our experiment, Thomson scattering measure-
ments in the reconnection layer reveal high electron tem-
peratures of 1.7 keV. Such high electron temperatures are
in contrast to the high ion temperatures that are more
consistent with a hydrodynamically stagnating plasma in
the absence of magnetic fields [11,12]. The experimentally
observed plasma flows and magnetic field convection, high
electron temperatures, and jet formation are consistent
with a magnetic reconnection.

The experiment used the Vulcan laser at the Rutherford
Appleton Laboratory, UK. The experiment is shown in
Fig. 1. Two heater beams, with wavelength ! #
1:054 "m, irradiated either an aluminum or gold target
foil. A 1 ns duration square pulse was used with an average
energy of 200 J per heater beam. The targets were 3 mm!
5 mm foils of 20–100 "m thickness. Each beam was
focused using f=10 optics to a focal spot diameter of
30–50 "m FWHM, giving an incident laser intensity of
1! 1015 W cm"2. The two heater beams were aligned
with varying on-target separations.

 

FIG. 1 (color online). The target geometry and field configu-
rations.
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Collisionless magnetic reconnection will be  
studied with the OMEGA EP short-pulse beams!

An initial assessment of particle acceleration  
and jet formation was made 



Three radiochromic film detector packs were deployed 
�
Chamber Configuration 
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Each laser spot was focused to the same location and  
separated on each shot up to a few focal spot diameters Short-pulse beam configuration 

Backlighter!

Sidelighter!

Cu foil!

Each laser spot will be focused to the same 
location and gradually separated each shot 

up to a few focal spot diameters 



Two x-ray pinhole cameras verified the  
focal spot alignment Short-pulse beam configuration 
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Two x-ray pinhole cameras verify  
the focal spot alignment 

EP39 EP52-A 
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Shot: 14038 
Spot separation: ~100µm 



The ultrafast x-ray streak camera verified beam timing;  
the view is from TIM11 

Short-pulse beam configuration 
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UFXRSC has a clear view to the target 
from TIM11 to verify beam timing 

SL 
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Co timed 

Separated: ~125 ps apart 



Film pack alignment optimized the angular coverage Short-pulse beam configuration 
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The film packs are aligned to optimize the 
angular coverage and verify the jet symmetry 
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Jet 2 
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The proton film packs were placed to confirm symmetry 
The goal is to investigate whether  
symmetric jets form 
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Proton film packs are placed 
to confirm symmetry 



Future experiments require modeling predictions and  
more diagnostics for characterizing the interaction layer  

•  PIC modeling 
-  Magnetic field predictions for OMEGA EP drive conditions 
-  Is magnetic reconnection observed in the modeling? 
-  Particle acceleration predictions? 

•  Particle diagnostics 
-  Radiochromic film stacks 
-  Thomson parabola (angular coverage) 
-  Electron spectrometers (angular coverage) 

 
•  Optical probing 

-  Interferometry 
-  Faraday rotation 
 

•  X-ray diagnostics 
-  X-ray imaging 
-  Time-resolved x-ray spectroscopy 

 
 

 
 
 
 



A magnetic reconnection experiment driven by HEPW 
lasers was proposed (PI: Ji) 

 
•  The first shot day successfully demonstrated the timing and  

pointing capabilities necessary for these studies 

•  An initial assessment of particle acceleration and jet formation  
was made  

•  PIC modeling of two-beam interactions in the high-intensity  
regime is required 

 
 

 
 

Summary: OMEGA EP Experiments 

New diagnostic opportunities exist to probe the magnetic  
fields that are generated in these experiments 


