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Megagauss Magnetic Field Generation and Plasma Jet Formation on Solid Targets Irradiated
by an Ultraintense Picosecond Laser Pulse
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The spatial and temporal evolution of spontaneous megagauss magnetic fields, generated during
the interaction of a picosecond pulse with solid targets at irradiances above0'®* W/cn? 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

Large spontaneous magnetic fields are generated duririg054 um CPA interaction pulse, 1.5 ps in duration, was
the interaction of a powerful laser pulse with a solid targefocused onto target by afi/4.5 off-axis parabola (OAP),
[1,2]. Up to now, experimental measurements of thesén a 12—15um full width at half maximum (FWHM) fo-
fields (up to about 1 MG) have been obtained with lasecal spot. With an average interaction power of 10 TW, an
pulses ranging from a few tens of picoseconds [3] tdncident irradiance between 5 afdx 10'® W/cn? was
nanoseconds [4], using optical Faraday rotation probingbtained. The prepulse to main contrast ratio Was®.
(polarimetry). Because of the availability of novel laser A fraction of the CPA pulse was used as a temporally inde-
systems and their exciting applications [5], the attentiorpendent probe to diagnose the plasma. The accuracy in the
of the scientific community has recently focused on theprobe timing was comparable to the pulse duration. For
study of the interaction of ultraintense picosecond andnterferometry the probe beam was frequency doubled in
subpicosecond pulses with plasmas. In particular, thea KDP (potassium dihydrogen phosphate) crystal resulting
fast ignitor scheme [6] for inertial confinement fusion hasin a wavelength of 0.527%m. The magnetic fields were
generated great interest in the study of magnetic fields imeasured using a polarimetric Faraday rotation technique
short-pulse interactions, and of their effects on the puls§l,3,4]. For these measurements the probe beam was Ra-
propagation [7]. Magnetic field generation in ultraintenseman shifted in ethanol, to a wavelengih= 0.622 um.
interactions have hence been investigated through analyfi-his, together with the use of an interference filter, was
cal and computational studies [8—10] that predict veryeffective in reducing the plasma emission noise on film.
large fields, up to hundreds of MG in the overdense regio\ microscope objective, with af’ number of 4, imaged
of an irradiated solid target. the plasma onto photographic film, with a magnification

This Letter presents measurements of megagauss magf 45 and a spatial resolution of a few microns. The den-
netic fields resulting from the interaction of a picosecondsity profiles of the plasma were obtained in separate mea-
laser pulse with Al solid targets, at irradiances exceedsurements with a Nomarski modified interferometer [11].
ing 5 X 10'® W/cn?. These are the first magnetic field Because of refraction of the probe beam off the steep den-
measurements reported in an intensity and pulse duratisity gradients and absorption close to the critical surface,
regime of interest to fast ignitor studies. Optical prob-the probing of the plasma was generally limited to electron
ing techniques, with a temporal resolution of the order ofdensities up tq1-2) X 10*°/cm?. The spatial extent of
a picosecond, allowed the temporal and spatial evolutiothe preplasma was also checked via optical probing. The
of the fields to be quantitatively determined. Evidence ofregion of preplasma witle, > n./10 extended for less
collimated plasma flow was obtained via interferometricthan 10um from the target surface.
measurements and optical emission. The interaction was The experiment was simulated using the Eulerian com-
modeled with a 2D magnetohydrodynamic (MHD) codeputer codeviH2D (described more fully in [12]) that solves
using the experimental conditions. The main features ofhe magnetohydrodynamic equations in cylindrical geome-
the experiment were only reproduced when Bohm magtry, using the Van Leer method for advection as interpreted
netic flux inhibition was invoked in the code. In particu- by Youngs [13]. The code includes the pressure-driven
lar, the computational results showed that the jet formatiomagnetic source term, resistive diffusion of the magnetic
is due to pinching by the magnetic fields. field, and Spitzer thermal conduction with magnetic inhi-

The experiment was performed at the Rutherford Ap-bition. The plasma is treated as a single temperature, fully
pleton Laboratory using the Vulcan Nd:glass laser operationized perfect gas. Laser energy absorption is modeled
ing in the chirped pulse amplification (CPA) mode. Thethrough inverse bremsstrahlung and resonant absorption
targets were Al foils with a thickness of 2bm. The (with a 15% energy deposition in the region around the
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critical density). Electric currents are limited so that thetained, was acquired. An interferogram recorded for simi-
electron drift velocityvp = (V X B)/p cannot exceed a lar experimental conditions as the Faraday rotation images
given fraction of the thermal velocity,. This is done is shown in Fig. 1(d).
by imposing a correction term to the collision frequency The magnetic field contours obtained from the polari-
ve.i Wwhenvp > vjm = 10c¢s (z%ve), wherec, is the ion  gram of Fig. 1(a) are shown in Fig. 2. The largest fields
sound speed. This correction is due to the onset of iondetected at this time were of the order of 2-3 MG at
acoustic turbulence [14]. Additional transport effects, suchan electron density aB—5) X 10" /cn?. The maximum
as Righi-Leduc and Nernst terms, are ignored, and trandield measured at a fixed density X 10'°/cn?’) versus
port by ions or suprathermal electrons is not included. time is shown in Fig. 3. The relatively large errors in the

Magnetic fields with a maximum amplitude up to a few measurements are mainly due to shot-to-shot variations of
MG were detected in the experimental measurements. Béhe laser parameters and, consequently, of the plasma con-
cause of the high temporal resolution of the probe diagnogditions that particularly affect our measurements since the
tic, a quantitative measurement of the transient nature dhterferograms were taken on separate shots. However,
the fields has been obtained for the first time. Interestwithin the error bars of the measurement, the observed field
ingly, no Faraday rotation was detected immediately afclearly decreases with time. In addition, at 20 ps after the
ter the interaction, a possible reason being that the fieldsiteraction small scale structures begin to appear, break-
were still limited to regions not accessible for probing. Af-ing up the uniformity of the rotation pattern. Because of
ter 5 ps the typical signatures corresponding to a toroidahis, and also because of the overall decrease of the rotation
field surrounding the laser axis (i.e., a dark and a brightingle, it becomes difficult to extract a value for the field
pattern on opposing sides of the axis, in the proximity ofamplitude from data taken after 20 ps. At 50-60 ps af-
the target surface) began to appear. The strongest rotter the interaction, no rotation is detectable above the
tions were detected between 6 and 12 ps after the interabackground noise, meaning that no field larger than 200—
tion. Two polarigrams obtained 12 ps after the interaction300 kG (i.e., the sensitivity of our diagnostic in these
with the polarizers set 9° and+12° off normal are shown experimental conditions) is present in the region of the
in Figs. 1(a) and 1(b). As expected, the dark-bright patplasma that could be probed. It should be noted here that,
tern reverses as the angle between the polarizers is changaslit can be seen in Fig. 2, the plasma region in which the
from a value below 90to a value above 90 The sense of fields could be measured was limited not only by refrac-
rotation is the same as observed in previous measuremeriisn, but also by self-emission noise in the region close to
in longer pulse regimes [3,4], and is consistent with fieldghe laser axis (within 10—2@m from the laser axis).
generated by the thermoelectric mechanism [1]. To simulate the experiment, the42D code was run for

A map of the product.B (electron density times mag- an Al foil irradiated with a 1.5 ps pulse at an irradiance
netic field) in the plasma was obtained by Abel invertingof 5 X 10'® W/cn?. An exponential density profile with
the rotation angle measured off the polarigrams. Bhe a scale length of um was used in the initial conditions.
field amplitude could then be inferred by using an inde-The solid density was approximated with a 100 tinngs
pendent measurement of the density. For this purpose,@asma. The code was sensitive to the setting of various
similar temporal sequence of interferograms, from whichparameters, such as the choice dfla+ w7)~! (Bohm)
the evolution of the plasma density with time could be ob+ather than &1 + »?7?)~! (Braginsky) reduction in heat
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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—9° and +12° 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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— T T80 tificially limited (in this case tol0*), in order to avoid
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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 densitytok 10'° /cm?
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 betweerin, and5n.. 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-
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Obscured “by ‘self-emission ~nois served are consistent with the conventional thermoelectric
.//\//.//.’//1//}///////.////‘.// . source. Other generation mechanisms, however, are ex-
0 20 40 0 pected to be responsible for the generation of magnetic

Distance from target surface [pm] fields up to hundreds of MG in the conditions of the

FIG. 2. Magnetic field distribution extracted from the polari- reported exp'erlment. For exgmple, partlcle-ln-cel_l Simu-
gram of Fig. 1(a). The magnitude is in units of megagausslations by Wilkset al. [8] predict, for a laser pulse inter-
The plasma region either obscured by self-emission or no@cting with an overdense plasma at an incident irradiance
accessible for probing is shown. of 5 X 10'® W/cn?, 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

flow (where w is the electron gyrofrequency andthe the fields here reported are 2 orders of magnitude smaller

CO:“S'.?n tl_me) Aﬂﬁ] orht?r? Vallée 3f the Cl:r.rer:t (I:;m!tatlon and appear to be consistent with conventiovial X VT
VEIOCIty Viim- ough the code does not INCIUde IMPOr- o ohanisms.  Even though these observations were lim-
tant processes (such as fast electron and fast ion transpor.

. ; ithd to the underdense region of the plasma, in principle
a pu_rely magnetohy(_jr_odynamw treatment of the INteracs e would expect large fields generated in the overdense
tion is, however, sufficient to describe adequately the bul

" tthe ol ; Indeed. th lasma to convect out as the plasma expands and to be ob-
properties of the plasma expansion. Indeed, the agreemell ., |q (though with reduced amplitude) in the coronal
with the experimental observations was remarkable whe

AL : ._~plasma after some time. Therefore, it seems that “non-
magnetic |r}h|b|t|on using the Bohm transport redUCtlonconventional” mechanisms do not contribute significantly
term [meaning that the Spitzer Co_rIduct|V|_ty was reduced b¥o the generation of the fields detected in these experimen-
a factor proportional tq1 + «7)~'] was imposed. The tal conditions.
maximum value o7 allowable had, however, to be ar- 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
4 A = B B from the target surface, with a transverse dimension of 10—

I 20 wm. This time-integrated emission at= 0.622 um
3L can be interpreted as bremsstrahlung radiation from a
- -y 1 dense, collimated plasma plume. Similar structures have
I ] 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
i ——— g ] observed interferometrically. A localized fringe shift, cor-
1 N + ] responding to a high density jet, is clearly visible in the
I ] interferogram of Fig. 1(d), obtained 15 ps after the inter-
Ol action. The corresponding density distribution [Fig. 4(a)]
0 5 10 15 20 shows that the density inside the plume is as high as
Time [ps] 10?9 /cn?® out to 80 um from the target surface.
) ) o The formation of a jetlike structure in the simulations
FIG. 3. Temporal evolution of the maximum magnetic field j5 characteristic of the interaction in the intensity regime

detected atz, = 4 X 10'%/cm® (full circles). The maximum . tioated. and the feat f th ) tal dat
fields predicted at the same density by MHD simulations ardVEStgaled, and ihe features of the experimental data are

also shown (as squares and a solid line). The dashed lin@verall well reproduced in the computational results. In
corresponds to the sensitivity of the diagnostic. Fig. 4(b), a contour plot of the density distribution of the
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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(10%' /cn?).
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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 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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