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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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OMEGA	  EP	  offers	  exci&ng	  poten&al	  for	  studying	  par&cle	  
accelera&on	  in	  collisionless	  magne&c	  reconnec&on	  

•  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	  par&cle	  spectrum	  from	  collisionless	  magne&c	  reconnec&on.	  
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Overview	  

 
•  Review single-beam HEPW laser-solid interactions 
 

-  target charging 
-  particle acceleration without reconnection 

•  Magnetic reconnection with ps laser pulses 
 

-  coronal plasma conditions 
-  magnetic field measurements 

 
•  Example OMEGA EP experiment configuration 
 

-  target geometry 
-  diagnostics 
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Laser-‐driven	  magne&c	  reconnec&on	  with	  ns	  laser	  pulses	  	  
has	  been	  observed1-‐6	  
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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-
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•  Proton probing showed 
MG-level field generation 
and reconnection layer  
formation1-3 

•  Optical probing showed 
bi-directional jet formation1,4 

•  Greater jet collimation was 
observed in higher-Z plasmas4 

 
•  Thomson scattering showed 
high electron temperatures in 
the reconnection layer1 

 
 
 
 

Dual-‐beam	  geometry	  
1P M Nilson et al, PRL 97, 255001 (2006) 
2C K Li et al, PRL 99, 055001 (2007) 
3L Willingale et al, PoP 17, 043104 (2010) 
4P M Nilson et al, PoP 15, 092701 (2008)  
5J Zhong et al, Nature Physics 6, 984987 (2010) 
6W Fox et al, PRL 106, 215003 (2011) 
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High-‐energy	  petawa5	  laser-‐solid	  interac&ons	  generate	  	  
powerful	  MeV	  electron	  sources	  
High-energy petawatt laser–solid interactions generate 
powerful MeV electron sources

E18829a

e–

Au cone

Single ignitor
beam: 10 ps

Multikilojoule, 10 ps
>1018 W/cm2 K! flash

Thermal flash
" flash

High-Z
converter

Laser-Driven Radiography1,2 Fast Ignition3,4

 
energy coupling to hot electrons with 10-ps pulses.

1M. D. Perry et al., Rev. Sci. Instrum. 70, 265 (1999).
2R. D. Edwards et al., Appl. Phys. Lett. 80, 2129 (2002). 
3 et al., Phys. Plasmas 1, 1626 (1994).
4M. H. Key et al., Phys. Plasmas 5, 1966 (1998).

Motivation

!"#
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HEPW-‐laser	  interac&ons	  with	  solid	  targets	  generate	  extreme	  
high	  energy	  density	  condi&ons	  over	  picosecond	  &mescales	  

•  Laser parameters 
-  energy: 100-J to 2.6-kJ @ 1 µm 
-  pulse duration: 1- to 100-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 
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Fast-‐electron	  refluxing	  in	  thin-‐foil	  targets	  accesses	  high	  	  
temperature	  ma5er	  at	  solid	  density	  

 
accesses high-temperature matter at solid density

E16142i

1–5 

 
are stopped in the target

– K!, K"

– thermal emission

1S. P. Hatchett et al., Phys. Plasmas 7, 2076 (2000). 
2R. A. Snavely et al., Phys. Rev. Lett. 85, 2945 (2000).
3 et al., Phys. Plasmas 13, 043102 (2006). 
4J. Myatt et al., Phys. Plasmas 14, 055301 (2007).
5P. M. Nilson et al., Phys. Rev, E 79, 016406 (2009).
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!"#

Experimental Method
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Single-‐beam	  experiments	  were	  performed	  on	  OMEGA	  EP	  	  
with	  up	  to	  2.1-‐kJ,	  10-‐ps	  laser	  pulses	  

OMEGA EP experiments were performed 
with up to 2.1-kJ, 10-ps laser pulses

E18415b

I ~ 5 × 1018 W/cm2

 
500 × 500 × 50 !m3 to 75 × 75 × 5 !m3 

Ultrafast x-ray
streak camera
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spectrometer (1)

Proton activation pack

HOPG
spectrometer (2)

Single-photon–
counting
spectrometer

14 m

OMEGA EP Target Chamber

X-ray pinhole
camera

!"#

K-photon Spectroscopy
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Proton	  radiography	  was	  used	  to	  study	  target	  charging	  
Proton radiography is used to verify the sheath model

E18834a

Film pack

1 kJ, 10 ps

Primary foil
3 to 20 !m Cu

4-!m CH tamper

Proton source foil
50 !m Cu

<0.75 kJ, 10 ps

Single-shot, multiframe imaging is achieved with !m-scale 
spatial resolution and ps-scale temporal resolution.

!"#
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Time-‐of-‐flight	  dispersion	  and	  a	  filtered	  stack	  detector	  
produces	  a	  mul&frame	  imaging	  capability	  

Time-of-!ight dispersion and a "ltered stack detector 
produces a multiframe imaging capability

E18835
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High-energy
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Energy
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M. Borghesi et al., Phys. Plasmas 9, 2214 (2002).

!"#

Time-of-!ight dispersion and a "ltered stack detector 
produces a multiframe imaging capability
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M. Borghesi et al., Phys. Plasmas 9, 2214 (2002).
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Many	  open	  ques&ons	  exist	  about	  plasma	  forma&on	  and	  magne&c	  
field	  genera&on	  from	  solid	  targets	  in	  the	  HEPW	  regime	  

•  What is the preplasma and coronal plasma density profile? 
-  intrinsic prepulse-driven plasma conditions? 
-  effect of target-Z and laser-pulse duration? 
-  plasma-formation with ns heater beams? 

•  What is the magnitude of the azimuthal grad ne × grad Te fields? 
-  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? 

 

 
 
 
 

These considerations reveal a large parameter  
space for designing an experiment 
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The	  spa&al	  and	  temporal	  evolu&on	  of	  B	  fields	  in	  ps	  laser-‐solid	  
interac&ons	  were	  measured	  using	  Faraday	  rota&on	  

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 � �= 3 B��r 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 �3 5� 3 1019�cm3. The maximum
field measured at a fixed density �4 3 1019�cm3� 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 W�cm2. 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 �1 1 vt�21 (Bohm)
rather than a �1 1 v2t2�21 (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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The	  electron	  density	  distribu&on	  in	  the	  laser	  focal	  region	  was	  
measured	  with	  interferometry	  
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FIG. 4. (a) Electron density distribution extracted from the
interferogram of Fig. 1(d). (b) MHD code prediction for
the density distribution. The densities given are in units of
the critical density �1021�cm3�.

plasma predicted by the code 15 ps after the interaction
is shown. A jetlike structure, similar to the one observed
experimentally (though with some differences in the den-
sity levels and in the transverse size), is clearly visible.
Magnetic fields in the range 1–2 MG are predicted to sur-
round the region where the jet is present. The simula-
tions confirm that the jet is formed due to pinching of the
plasma by these fields. In fact, if in the code the baro-
clinic source term for the magnetic field is turned off, no
jet formation is observed. A measure of the effectiveness
of magnetic confinement can be obtained by the parameter
b � 8pkBneTe�B2, i.e., the ratio between magnetic and
thermal pressure, where kB is the Boltzmann constant and
Te is the electron temperature. Using values of the order
of the experimental and computational results, such as, for
example, ne � 1020�cm3, Te � 3 keV, B � 3 MG, one
obtains b � 1. In other words, magnetic and thermal
pressure are of the same order of magnitude, and small
variations of the plasma parameters may cause the mag-
netic pressure to dominate.

In conclusion, MG magnetic fields generated during the
interaction of a 10 TW, ps pulse with Al solid targets have
been measured, using a polarimetric technique with pi-
cosecond temporal resolution. These are the first magnetic
field measurements reported in the high intensity regime of
interest for fast ignitor applications. The high resolution of
the diagnostic allowed the temporal evolution of the fields
to be quantitatively studied for the first time. The fields,
consistent with the thermoelectric generation mechanism,
are transient, with a lifetime of a few tens of picoseconds
and affect the plasma expansion, confining it to a colli-
mated plume. A 2D MHD code was run for the conditions
of the experiment, resulting in the first direct compari-
son between experimental data and magnetohydrodynamic
simulations in laser produced plasmas. The main features
of the experimental observations were reproduced by the
code, demonstrating that the jet is formed due to pinching
by the magnetic fields.
The authors acknowledge the support received by the

staff of the Central Laser Facility (Rutherford Appleton
Laboratory). This work was funded by an EPSRC/MoD
grant. One of the authors (A. J. MacK.) was supported by
a Lawrence Livermore National Laboratory contract.

[1] J. A. Stamper, Laser Part. Beams 9, 841 (1991).
[2] M.G. Haines, Phys. Rev. Lett. 78, 254 (1997).
[3] M.D. J. Burgess et al., Phys. Fluids 28, 2286 (1985).
[4] J. A. Stamper and B.H. Ripin, Phys. Rev. Lett. 34, 138

(1975); A. Raven, O. Willi, and P. T. Rumsby, Phys.
Rev. Lett. 41, 554 (1978); O. Willi, P. T. Rumsby, and
C. Duncan, Opt. Commun. 37, 45 (1981).

[5] P. Gibbon and E. Forster, Plasma Phys. Controlled Fusion
38, 769 (1996).

[6] M. Tabak et al., Phys. Plasmas 1, 1626 (1994).
[7] A. Pukhov and J. Meyer-ter Vehn, Phys. Rev. Lett. 76,

3975 (1996).
[8] S. C. Wilks et al., Phys. Rev. Lett. 69, 1383 (1992).
[9] R. N. Sudan, Phys. Rev. Lett. 70, 3075 (1993).
[10] F. Brunel, Phys. Fluids 31, 2714 (1988); H. Ruhl and

P. Mulser, Phys. Lett. A 205, 388 (1995).
[11] R. Benattar, C. Popovics, and R. Sigel, Rev. Sci. Instrum.

50, 1583 (1979).
[12] A. R. Bell et al., Phys. Rev. E 48, 2087 (1993); A. R. Bell,

Phys. Plasmas 1, 1643 (1995).
[13] D. L. Youngs, Numerical Methods in Fluid Dynamics,

edited by K.W. Morton and M. J. Baines (Academic, New
York, 1982).

[14] W.M. Manheimer, Phys. Fluids 20, 265 (1977).

115

Model prediction 
Units: 1021 cm-3 

M Borghesi et al, PRL 81, 1 (1998)  

VOLUME 81, NUMBER 1 P HY S I CA L REV I EW LE T T ER S 6 JULY 1998
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Magnetic fields in the range 1–2 MG are predicted to sur-
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tions confirm that the jet is formed due to pinching of the
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jet formation is observed. A measure of the effectiveness
of magnetic confinement can be obtained by the parameter
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obtains b � 1. In other words, magnetic and thermal
pressure are of the same order of magnitude, and small
variations of the plasma parameters may cause the mag-
netic pressure to dominate.
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interaction of a 10 TW, ps pulse with Al solid targets have
been measured, using a polarimetric technique with pi-
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consistent with the thermoelectric generation mechanism,
are transient, with a lifetime of a few tens of picoseconds
and affect the plasma expansion, confining it to a colli-
mated plume. A 2D MHD code was run for the conditions
of the experiment, resulting in the first direct compari-
son between experimental data and magnetohydrodynamic
simulations in laser produced plasmas. The main features
of the experimental observations were reproduced by the
code, demonstrating that the jet is formed due to pinching
by the magnetic fields.
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FIG. 4. (a) Electron density distribution extracted from the
interferogram of Fig. 1(d). (b) MHD code prediction for
the density distribution. The densities given are in units of
the critical density �1021�cm3�.
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experimentally (though with some differences in the den-
sity levels and in the transverse size), is clearly visible.
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thermal pressure, where kB is the Boltzmann constant and
Te is the electron temperature. Using values of the order
of the experimental and computational results, such as, for
example, ne � 1020�cm3, Te � 3 keV, B � 3 MG, one
obtains b � 1. In other words, magnetic and thermal
pressure are of the same order of magnitude, and small
variations of the plasma parameters may cause the mag-
netic pressure to dominate.

In conclusion, MG magnetic fields generated during the
interaction of a 10 TW, ps pulse with Al solid targets have
been measured, using a polarimetric technique with pi-
cosecond temporal resolution. These are the first magnetic
field measurements reported in the high intensity regime of
interest for fast ignitor applications. The high resolution of
the diagnostic allowed the temporal evolution of the fields
to be quantitatively studied for the first time. The fields,
consistent with the thermoelectric generation mechanism,
are transient, with a lifetime of a few tens of picoseconds
and affect the plasma expansion, confining it to a colli-
mated plume. A 2D MHD code was run for the conditions
of the experiment, resulting in the first direct compari-
son between experimental data and magnetohydrodynamic
simulations in laser produced plasmas. The main features
of the experimental observations were reproduced by the
code, demonstrating that the jet is formed due to pinching
by the magnetic fields.
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FIG. 2. Magnetic field distribution extracted from the polari-
gram of Fig. 1(a). The magnitude is in units of megagauss.
The plasma region either obscured by self-emission or not
accessible for probing is shown.

flow (where v is the electron gyrofrequency and t the
collision time) [12], or the value of the current limitation
velocity ylim. Although the code does not include impor-
tant processes (such as fast electron and fast ion transport),
a purely magnetohydrodynamic treatment of the interac-
tion is, however, sufficient to describe adequately the bulk
properties of the plasma expansion. Indeed, the agreement
with the experimental observations was remarkable when
magnetic inhibition using the Bohm transport reduction
term [meaning that the Spitzer conductivity was reduced by
a factor proportional to �1 1 vt�21] was imposed. The
maximum value of vt allowable had, however, to be ar-

FIG. 3. Temporal evolution of the maximum magnetic field
detected at ne � 4 3 1019�cm3 (full circles). The maximum
fields predicted at the same density by MHD simulations are
also shown (as squares and a solid line). The dashed line
corresponds to the sensitivity of the diagnostic.

tificially limited (in this case to 104), in order to avoid
complete inhibition of the thermal flux from the laser spot
region leading to unrealistic temperature values.
The order of magnitude of the fields observed in the

simulations, and also their temporal evolution, are in good
agreement with the experimental observations. The maxi-
mum predicted values at the fixed density of 4 3 1019�cm3

are plotted for different times in Fig. 3 together with the
experimental data. In the simulation the overall peak field
(6 MG) is observed at the end of the laser pulse, at den-
sities between 1nc and 5nc. The several convective and
diffusive processes that can in principle be responsible for
the field dissipation are discussed in Ref. [2]. Accord-
ing to the computational results, the magnetic fields ob-
served are consistent with the conventional thermoelectric
source. Other generation mechanisms, however, are ex-
pected to be responsible for the generation of magnetic
fields up to hundreds of MG in the conditions of the
reported experiment. For example, particle-in-cell simu-
lations by Wilks et al. [8] predict, for a laser pulse inter-
acting with an overdense plasma at an incident irradiance
of 5 3 1018 W�cm2, the generation of magnetic fields up
to 250 MG (a theoretical model for the generation of such
fields is given by Sudan [9]). It is interesting to note that
the fields here reported are 2 orders of magnitude smaller
and appear to be consistent with conventional =n 3 =T
mechanisms. Even though these observations were lim-
ited to the underdense region of the plasma, in principle
one would expect large fields generated in the overdense
plasma to convect out as the plasma expands and to be ob-
servable (though with reduced amplitude) in the coronal
plasma after some time. Therefore, it seems that “non-
conventional” mechanisms do not contribute significantly
to the generation of the fields detected in these experimen-
tal conditions.
An important feature immediately evident from the po-

larigrams [particularly in Fig. 1(b)] is a characteristically
elongated self-emission plume, extending up to 100 mm
from the target surface, with a transverse dimension of 10–
20 mm. This time-integrated emission at l � 0.622 mm
can be interpreted as bremsstrahlung radiation from a
dense, collimated plasma plume. Similar structures have
previously been reported in different interaction regimes,
in x-ray images [12], and in interferograms [3]. The for-
mation of a plume structure in the plasma has also been
observed interferometrically. A localized fringe shift, cor-
responding to a high density jet, is clearly visible in the
interferogram of Fig. 1(d), obtained 15 ps after the inter-
action. The corresponding density distribution [Fig. 4(a)]
shows that the density inside the plume is as high as
1020�cm3 out to 80 mm from the target surface.
The formation of a jetlike structure in the simulations

is characteristic of the interaction in the intensity regime
investigated, and the features of the experimental data are
overall well reproduced in the computational results. In
Fig. 4(b), a contour plot of the density distribution of the
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are plotted for different times in Fig. 3 together with the
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diffusive processes that can in principle be responsible for
the field dissipation are discussed in Ref. [2]. Accord-
ing to the computational results, the magnetic fields ob-
served are consistent with the conventional thermoelectric
source. Other generation mechanisms, however, are ex-
pected to be responsible for the generation of magnetic
fields up to hundreds of MG in the conditions of the
reported experiment. For example, particle-in-cell simu-
lations by Wilks et al. [8] predict, for a laser pulse inter-
acting with an overdense plasma at an incident irradiance
of 5 3 1018 W�cm2, the generation of magnetic fields up
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the fields here reported are 2 orders of magnitude smaller
and appear to be consistent with conventional =n 3 =T
mechanisms. Even though these observations were lim-
ited to the underdense region of the plasma, in principle
one would expect large fields generated in the overdense
plasma to convect out as the plasma expands and to be ob-
servable (though with reduced amplitude) in the coronal
plasma after some time. Therefore, it seems that “non-
conventional” mechanisms do not contribute significantly
to the generation of the fields detected in these experimen-
tal conditions.
An important feature immediately evident from the po-

larigrams [particularly in Fig. 1(b)] is a characteristically
elongated self-emission plume, extending up to 100 mm
from the target surface, with a transverse dimension of 10–
20 mm. This time-integrated emission at l � 0.622 mm
can be interpreted as bremsstrahlung radiation from a
dense, collimated plasma plume. Similar structures have
previously been reported in different interaction regimes,
in x-ray images [12], and in interferograms [3]. The for-
mation of a plume structure in the plasma has also been
observed interferometrically. A localized fringe shift, cor-
responding to a high density jet, is clearly visible in the
interferogram of Fig. 1(d), obtained 15 ps after the inter-
action. The corresponding density distribution [Fig. 4(a)]
shows that the density inside the plume is as high as
1020�cm3 out to 80 mm from the target surface.
The formation of a jetlike structure in the simulations

is characteristic of the interaction in the intensity regime
investigated, and the features of the experimental data are
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340	  –	  460	  MG	  fields	  have	  been	  measured	  at	  higher	  densi&es	  

has not yet been examined in detail — male
courtship success may depend on both an
attractive display and the intrinsic ability to
modify these in response to female signals.
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ponents of the emitted laser harmonics were
measured by using high-dynamic-range,
charge-coupled-device arrays as detectors.

When an electromagnetic wave propa-
gates in a magnetized plasma with its k
vector perpendicular to B, the extraordinary
wave (x-wave; that is, with an electric field
vector perpendicular to the magnetic field)
can experience cut-offs and resonances 
(Fig. 1a). Cut-offs occur when the plasma
index of refraction is equal to zero, and reso-
nances when the index approaches infinity.
The x-wave is reflected when it encounters a
cut-off and is absorbed in a resonance. For
example, the cut-offs for the fifth, fourth and
third harmonics occur at 460, 340 and 
220 megagauss, respectively, for a density 
of ne!2.4"1021 cm#3 (the relativistically
corrected critical density). Resonances occur
at higher magnetic fields than cut-offs. The
ordinary (o) wave (with E parallel to B) is
unaffected by the magnetic field –– implying
that if a field larger than the cut-off field
exists in the plasma, then only the ordinary
wave is able to propagate to the detector and
therefore is the only one observable.

This is what we find for the highest-
intensity shots. Figure 1b shows the ratio of
p-component (x-wave) to total emission (x-
wave plus o-wave) for both the third and
fourth harmonics for various incident laser
intensities. At high intensities, the x-wave
cut-offs are definitely observed, implying
the existence of a minimum magnetic field
of 340 megagauss in the plasma; no cut-offs
were seen for the fifth harmonic. This indi-
cates that the peak magnetic field is below
460 and above 340 megagauss at intensities
of about 9"1019 W cm#2. Such fields are
more than an order of magnitude larger
than any previously observed in the labora-
tory7–9. These cut-offs were consistently
reproducible in our experiments –– but
only at the highest laser intensities.

The magnitude of the magnetic fields
generated in this way could soon approach
those needed for testing astrophysical 
models of neutron stars and white dwarfs10.
M. Tatarakis*, I. Watts*, F. N. Beg*,
E. L. Clark*, A. E. Dangor*, A. Gopal*,
M. G. Haines*, P. A. Norreys†, U. Wagner†,
M.-S. Wei*, M. Zepf*, K. Krushelnick*
*The Blackett Laboratory, Imperial College of
Science, Technology and Medicine, 
London SW7 2BZ, UK
e-mail: m.tatarakis@ic.ac.uk
†Rutherford Appleton Laboratory, Chilton, Didcot,
Oxfordshire OX11 0QX, UK

1. Wilks, S. C. et al. Phys. Rev. Lett. 69, 1383–1386 (1992).
2. Pukhov, A. & Meyer-ter-Vehn, J. Phys. Rev. Lett. 76,

3975–3978 (1996).
3. Mason, R. J. & Tabak, M. Phys. Rev. Lett. 80, 524–527 (1998).
4. Sudan, R. Phys. Rev. Lett. 70, 3075–3078 (1993).
5. Perry, M. D. & Mourou, G. Science 264, 917–924 (1994).
6. Norreys, P. A. et al. Phys. Rev. Lett. 76, 1832–1835 (1996).
7. Borghesi, M. et al. Phys. Rev. Lett. 80, 5137–5140 (1998).
8. Tatarakis, M. et al. Phys. Rev. Lett. 81, 999–1002 (1998).
9. Clark, E. L. et al. Phys. Rev. Lett. 84, 670–673 (2000).
10.Lai, D. & Salpeter, E. E. Astrophys. J. 491, 270–285 (1997).

280 NATURE | VOL 415 | 17 JANUARY 2002 | www.nature.com

we found a positive relationship between
male display intensity and startle rate 
($response!#0.92, P%0.001; $intensity!0.51,
P%0.028; r2!0.68, F2,10!10.71, P%0.003).

We predicted that the most successful
males would be those who produce high-
intensity displays without startling females.
Indeed, we found a positive correlation
between male display intensity in robot
courtships and male success in natural
courtships (Fig. 2c), and a negative rela-
tionship between startle rate and male
courtship success (Fig. 2d), with both fac-
tors contributing to male courtship success
when considered together ($intensity!0.55,
P%0.004; $startle!#0.57, P%0.003;
r2!0.65, F2,14!13.23, P%0.0006).

Our results indicate that although female
satin bowerbirds prefer intensely displaying
males, successful males do not always dis-
play at maximum intensity — instead, they
modulate the intensity of their display in
response to female signals, to remain attrac-
tive without threatening the females. In satin
bowerbirds — and perhaps in other species
in which variation in sexually selected traits

brief communications

dense region6, we have found that measuring
the final polarization of these harmonics is a
powerful way to find out the magnitude of
the magnetic fields through which they trav-
el. The use of self-generated laser harmonics
is particularly convenient because these are
produced at precisely the same time as the
magnetic fields are generated and propagate
so that their k vectors are perpendicular to
azimuthal magnetic fields in the plasma ––
which greatly simplifies data interpretation.
In our experiments, we use the propagation
properties of lower-order harmonics (that is,
the third, fourth and fifth harmonics).

These results were obtained with the
Vulcan laser system (wavelength 1.054 &m,
pulse energy up to 90 J, pulse duration
about 1 picosecond). The beam was p-
polarized and focused to a maximum inten-
sity of 9"1019 W cm#2 onto a thin solid
target (0.1–1.0 mm). The polarization com-

Laser technology

Measuring huge
magnetic fields

Huge magnetic fields are predicted1–4 to
exist in the high-density region of
plasmas produced during intense

laser–matter interaction, near the critical-
density surface where most laser absorption
occurs, but until now these fields have
never been measured. By using pulses
focused to extreme intensities to investigate
laser–plasma interactions5, we have been
able to record the highest magnetic fields
ever produced in a laboratory – over 340
megagauss – by polarimetry measurements
of self-generated laser harmonics.

Because harmonics of the laser are gener-
ated at the critical-density surface and sub-
sequently propagate isotropically out of the

Figure 1 Laboratory measurement of magnetic fields greater than 340 megagauss. a, Plot of x-wave cut-offs for various harmonics
(second, third, and so on) of 1.054-&m radiation in terms of plasma electron density and magnetic field. b, X-wave/total harmonic 
emission of third harmonic (hollow circles) and fourth harmonic (filled circles) for a series of laser shots.
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Magnetic Reconnection and Plasma Dynamics in Two-Beam Laser-Solid Interactions
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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.

PRL 97, 255001 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
22 DECEMBER 2006

0031-9007=06=97(25)=255001(4) 255001-1  2006 The American Physical Society

FSC 

The	  OMEGA	  EP	  beams	  can	  generate	  collisionless	  magne&zed	  
plasma	  plumes	  that	  will	  reconnect	  as	  the	  expand	  

Primary objective 
•  Characterize particle acceleration from collisionless 
magnetic reconnection 
 
Laser parameters 
•  0.1- to 2.6-kJ, 1- to 100-ps pulses, >1018 W/cm2 
•  >25-µm diam. spot, 10- to 100-µm spot separation 
 
Plasma parameters 
•  Target Z: CH, Al, Au 
•  kT ~ 100 keV, LT ~ 50 µm, Ln ~ 10 µm, ne ~ 1019 cm-3 

•  Plasma β ~ 0.1; L/di ≥ 1  

  
 

The interaction between two high-intensity laser-produced  
plasmas has not previously been studied in any regime  
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OMEGA	  EP	  experimental	  configura&on	  

RCF pack 

Particle  
spectrometer 

RCF pack 

Particle  
spectrometer 

 
in two distinct phases

E18898a

– accelerates protons in 
forward direction

– initial point-like energy deposition
– accelerates protons into 4!

– forward direction:  0.2 c
– rear direction:  0.4 c
– proton energies  40 MeV
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the energy spectrum of the forward-accelerated protons
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M. I. K. Santala et al., Phys. Lett. 78, 19 (2001).
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A	  wide	  range	  of	  par&cle	  and	  x-‐ray	  diagnos&cs	  are	  available	  

 
•  Radiochromic film (RCF) packs – proton beam profile 
•  Modified RCF packs and near-target arm (NTA) 
•  Electron spectrometers (10’s MeV)    
•  Thomson parabola (10’s MeV protons) 
 
•  Optical probe: Schlieren imaging, interferometry, and polarimetry 
 
•  Thomson scattering: Z, Te, flow velocity; imaging Thomson scattering 
 
•  X-ray spectrometers (> keV; time integrated and time resolved) 
•  X-ray crystal imagers (> keV) 
•  Time-integrated KB x-ray microscope (3-8 keV) 
•  Time-integrated x-ray pinhole cameras  
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An&-‐parallel	  and	  co-‐parallel	  magne&c	  fields	  can	  be	  studied	  with	  
different	  target	  geometries	  

Anti parallel fields  
for reconnection 

Field reconnects at  
an angle 

No reconnection  
expected 
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OMEGA	  EP	  offers	  exci&ng	  poten&al	  for	  studying	  par&cle	  
accelera&on	  in	  collisionless	  magne&c	  reconnec&on	  

•  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	  par&cle	  spectrum	  from	  collisionless	  magne&c	  reconnec&on.	  


