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Megagauss Magnetic Field Generation and Plasma Jet Formation on Solid Targets Irradiated
by an Ultraintense Picosecond Laser Pulse

M. Borghesi, A. J. MacKinnon, A. R. Bell, R. Gaillard, and O. Willi
The Blackett Laboratory, Imperial College of Science, Technology and Medicine, London SW7 2BZ, United Kingdom

(Received 20 May 1997)

The spatial and temporal evolution of spontaneous megagauss magnetic fields, generated during
the interaction of a picosecond pulse with solid targets at irradiances above5 3 1018 Wycm2 have
been measured using Faraday rotation with picosecond resolution. A high density plasma jet has
been observed simultaneously with the magnetic fields by interferometry and optical emission. Two-
dimensional magnetohydrodynamic simulations reproduced the main features of the experiment and
showed that the jet formation is due to pinching by the magnetic fields. [S0031-9007(98)06412-6]

PACS numbers: 52.40.Nk, 52.65.Kj, 52.70.Ds, 52.70.Kz
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Large spontaneous magnetic fields are generated dur
the interaction of a powerful laser pulse with a solid targ
[1,2]. Up to now, experimental measurements of the
fields (up to about 1 MG) have been obtained with las
pulses ranging from a few tens of picoseconds [3]
nanoseconds [4], using optical Faraday rotation probi
(polarimetry). Because of the availability of novel lase
systems and their exciting applications [5], the attentio
of the scientific community has recently focused on th
study of the interaction of ultraintense picosecond an
subpicosecond pulses with plasmas. In particular, t
fast ignitor scheme [6] for inertial confinement fusion ha
generated great interest in the study of magnetic fields
short-pulse interactions, and of their effects on the pul
propagation [7]. Magnetic field generation in ultraintens
interactions have hence been investigated through anal
cal and computational studies [8–10] that predict ve
large fields, up to hundreds of MG in the overdense regi
of an irradiated solid target.

This Letter presents measurements of megagauss m
netic fields resulting from the interaction of a picosecon
laser pulse with Al solid targets, at irradiances excee
ing 5 3 1018 Wycm2. These are the first magnetic field
measurements reported in an intensity and pulse durat
regime of interest to fast ignitor studies. Optical prob
ing techniques, with a temporal resolution of the order
a picosecond, allowed the temporal and spatial evoluti
of the fields to be quantitatively determined. Evidence
collimated plasma flow was obtained via interferometr
measurements and optical emission. The interaction w
modeled with a 2D magnetohydrodynamic (MHD) cod
using the experimental conditions. The main features
the experiment were only reproduced when Bohm ma
netic flux inhibition was invoked in the code. In particu
lar, the computational results showed that the jet formati
is due to pinching by the magnetic fields.

The experiment was performed at the Rutherford Ap
pleton Laboratory using the Vulcan Nd:glass laser opera
ing in the chirped pulse amplification (CPA) mode. Th
targets were Al foils with a thickness of 25mm. The
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1.054mm CPA interaction pulse, 1.5 ps in duration, wa
focused onto target by anFy4.5 off-axis parabola (OAP),
in a 12–15mm full width at half maximum (FWHM) fo-
cal spot. With an average interaction power of 10 TW, a
incident irradiance between 5 and9 3 1018 Wycm2 was
obtained. The prepulse to main contrast ratio was1026.
A fraction of the CPA pulse was used as a temporally ind
pendent probe to diagnose the plasma. The accuracy in
probe timing was comparable to the pulse duration. F
interferometry the probe beam was frequency doubled
a KDP (potassium dihydrogen phosphate) crystal resulti
in a wavelength of 0.527mm. The magnetic fields were
measured using a polarimetric Faraday rotation techniq
[1,3,4]. For these measurements the probe beam was
man shifted in ethanol, to a wavelengthl  0.622 mm.
This, together with the use of an interference filter, wa
effective in reducing the plasma emission noise on film
A microscope objective, with anF number of 4, imaged
the plasma onto photographic film, with a magnificatio
of 45 and a spatial resolution of a few microns. The de
sity profiles of the plasma were obtained in separate m
surements with a Nomarski modified interferometer [11
Because of refraction of the probe beam off the steep d
sity gradients and absorption close to the critical surfac
the probing of the plasma was generally limited to electro
densities up tos1 2d 3 1020ycm3. The spatial extent of
the preplasma was also checked via optical probing. T
region of preplasma withne . ncy10 extended for less
than 10mm from the target surface.

The experiment was simulated using the Eulerian co
puter codeMH2D (described more fully in [12]) that solves
the magnetohydrodynamic equations in cylindrical geom
try, using the Van Leer method for advection as interpret
by Youngs [13]. The code includes the pressure-driv
magnetic source term, resistive diffusion of the magne
field, and Spitzer thermal conduction with magnetic inh
bition. The plasma is treated as a single temperature, fu
ionized perfect gas. Laser energy absorption is mode
through inverse bremsstrahlung and resonant absorp
(with a 15% energy deposition in the region around th
© 1998 The American Physical Society
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critical density). Electric currents are limited so that th
electron drift velocityyD  s= 3 Bdyr cannot exceed a
given fraction of the thermal velocityye. This is done
by imposing a correction term to the collision frequenc
nei whenyD . ylim  10cs (ø 1

6 ye), wherecs is the ion
sound speed. This correction is due to the onset of io
acoustic turbulence [14]. Additional transport effects, su
as Righi-Leduc and Nernst terms, are ignored, and tra
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.
cause of the high temporal resolution of the probe diagno
tic, a quantitative measurement of the transient nature
the fields has been obtained for the first time. Intere
ingly, no Faraday rotation was detected immediately a
ter the interaction, a possible reason being that the fie
were still limited to regions not accessible for probing. A
ter 5 ps the typical signatures corresponding to a toroid
field surrounding the laser axis (i.e., a dark and a brig
pattern on opposing sides of the axis, in the proximity
the target surface) began to appear. The strongest r
tions were detected between 6 and 12 ps after the inter
tion. Two polarigrams obtained 12 ps after the interactio
with the polarizers set29± and112± off normal are shown
in Figs. 1(a) and 1(b). As expected, the dark-bright pa
tern reverses as the angle between the polarizers is chan
from a value below 90± to a value above 90±. The sense of
rotation is the same as observed in previous measurem
in longer pulse regimes [3,4], and is consistent with field
generated by the thermoelectric mechanism [1].

A map of the productneB (electron density times mag-
netic field) in the plasma was obtained by Abel invertin
the rotation angle measured off the polarigrams. TheB-
field amplitude could then be inferred by using an ind
pendent measurement of the density. For this purpose
similar temporal sequence of interferograms, from whic
the evolution of the plasma density with time could be o
two
the
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
polarizers29± and 112± off crossed. The position of the target surface is indicated by the arrows. (c) Schematic showing
main features of the polarigrams. (d) Interferogram recorded 15 ps after the interaction.
e

y

n-
ch
ns-

Be-
s-
of

st-
f-

lds
f-
al
ht
of
ota-
ac-
n,

t-
ged

ents
s

g

e-
, a
h

b-

tained, was acquired. An interferogram recorded for simi
lar experimental conditions as the Faraday rotation image
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 a
an electron density ofs3 5d 3 1019ycm3. The maximum
field measured at a fixed densitys4 3 1019ycm3d versus
time is shown in Fig. 3. The relatively large errors in the
measurements are mainly due to shot-to-shot variations
the laser parameters and, consequently, of the plasma co
ditions that particularly affect our measurements since th
interferograms were taken on separate shots. Howeve
within the error bars of the measurement, the observed fie
clearly decreases with time. In addition, at 20 ps after th
interaction small scale structures begin to appear, brea
ing up the uniformity of the rotation pattern. Because of
this, and also because of the overall decrease of the rotati
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 th
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 tha
as it can be seen in Fig. 2, the plasma region in which th
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 10–20mm from the laser axis).

To simulate the experiment, theMH2D 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 1mm was used in the initial conditions.
The solid density was approximated with a 100 timesnc

plasma. The code was sensitive to the setting of variou
parameters, such as the choice of as1 1 vtd21 (Bohm)
rather than as1 1 v2t2d21 (Braginsky) reduction in heat
113
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FIG. 2. Magnetic field distribution extracted from the polari
gram of Fig. 1(a). The magnitude is in units of megagaus
The plasma region either obscured by self-emission or n
accessible for probing is shown.

flow (where v is the electron gyrofrequency andt 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 transp
a purely magnetohydrodynamic treatment of the intera
tion is, however, sufficient to describe adequately the bu
properties of the plasma expansion. Indeed, the agreem
with the experimental observations was remarkable wh
magnetic inhibition using the Bohm transport reductio
term [meaning that the Spitzer conductivity was reduced
a factor proportional tos1 1 vtd21] was imposed. The
maximum value ofvt allowable had, however, to be ar

FIG. 3. Temporal evolution of the maximum magnetic fiel
detected atne  4 3 1019ycm3 (full circles). The maximum
fields predicted at the same density by MHD simulations a
also shown (as squares and a solid line). The dashed
corresponds to the sensitivity of the diagnostic.
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tificially limited (in this case to104), in order to avoid
complete inhibition of the thermal flux from the laser sp
region leading to unrealistic temperature values.

The order of magnitude of the fields observed in th
simulations, and also their temporal evolution, are in go
agreement with the experimental observations. The ma
mum predicted values at the fixed density of4 3 1019ycm3

are plotted for different times in Fig. 3 together with th
experimental data. In the simulation the overall peak fie
(6 MG) is observed at the end of the laser pulse, at de
sities between1nc and 5nc. The several convective and
diffusive processes that can in principle be responsible
the field dissipation are discussed in Ref. [2]. Accor
ing to the computational results, the magnetic fields o
served are consistent with the conventional thermoelec
source. Other generation mechanisms, however, are
pected to be responsible for the generation of magne
fields up to hundreds of MG in the conditions of th
reported experiment. For example, particle-in-cell sim
lations by Wilkset al. [8] predict, for a laser pulse inter-
acting with an overdense plasma at an incident irradian
of 5 3 1018 Wycm2, the generation of magnetic fields u
to 250 MG (a theoretical model for the generation of su
fields is given by Sudan [9]). It is interesting to note th
the fields here reported are 2 orders of magnitude sma
and appear to be consistent with conventional=n 3 =T
mechanisms. Even though these observations were l
ited to the underdense region of the plasma, in princip
one would expect large fields generated in the overde
plasma to convect out as the plasma expands and to be
servable (though with reduced amplitude) in the coron
plasma after some time. Therefore, it seems that “no
conventional” mechanisms do not contribute significan
to the generation of the fields detected in these experim
tal conditions.

An important feature immediately evident from the po
larigrams [particularly in Fig. 1(b)] is a characteristicall
elongated self-emission plume, extending up to 100mm
from the target surface, with a transverse dimension of 1
20 mm. This time-integrated emission atl  0.622 mm
can be interpreted as bremsstrahlung radiation from
dense, collimated plasma plume. Similar structures ha
previously been reported in different interaction regime
in x-ray images [12], and in interferograms [3]. The fo
mation of a plume structure in the plasma has also be
observed interferometrically. A localized fringe shift, co
responding to a high density jet, is clearly visible in th
interferogram of Fig. 1(d), obtained 15 ps after the inte
action. The corresponding density distribution [Fig. 4(a
shows that the density inside the plume is as high
1020ycm3 out to 80mm from the target surface.

The formation of a jetlike structure in the simulation
is characteristic of the interaction in the intensity regim
investigated, and the features of the experimental data
overall well reproduced in the computational results.
Fig. 4(b), a contour plot of the density distribution of th
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FIG. 4. (a) Electron density distribution extracted from th
interferogram of Fig. 1(d). (b) MHD code prediction for
the density distribution. The densities given are in units
the critical densitys1021ycm3d.

plasma predicted by the code 15 ps after the interact
is shown. A jetlike structure, similar to the one observe
experimentally (though with some differences in the de
sity levels and in the transverse size), is clearly visibl
Magnetic fields in the range 1–2 MG are predicted to su
round the region where the jet is present. The simu
tions confirm that the jet is formed due to pinching of th
plasma by these fields. In fact, if in the code the bar
clinic source term for the magnetic field is turned off, n
jet formation is observed. A measure of the effectivene
of magnetic confinement can be obtained by the parame
b  8pkBneTeyB2, i.e., the ratio between magnetic an
thermal pressure, wherekB is the Boltzmann constant and
Te is the electron temperature. Using values of the ord
of the experimental and computational results, such as,
example,ne  1020ycm3, Te  3 keV, B  3 MG, one
obtains b ø 1. In other words, magnetic and therma
pressure are of the same order of magnitude, and sm
variations of the plasma parameters may cause the m
netic pressure to dominate.
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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 p
cosecond temporal resolution. These are the first magne
field measurements reported in the high intensity regime o
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 magnetohydrodynam
simulations in laser produced plasmas. The main feature
of the experimental observations were reproduced by th
code, demonstrating that the jet is formed due to pinchin
by the magnetic fields.
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