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    The interaction between intense laser radiation and matter is known to
produce a wealth of nonlinear effects. Those include fast electron and
ion generation [1–5] indicating that ultra-strong electric fields are
produced in the course of the laser – plasma interaction. An equally
ubiquitous, although less studied, effect accompanying laser – matter
interaction is the generation of ultra-strong magnetic fields in the plasma
[6–11]. Magnetic fields can have a significant effect on the overall
nonlinear plasma dynamics. Extremely high (few megagauss) azimuthal
magnetic fields play an essential role in the particle transport, propagati-
on of laser pulses, laser beam self - focusing, penetration of laser
radiation into the overdense plasma and the plasma electron and ion
acceleration.
     By means of a 2.5 - dimensional numerical simulation on the
macroparticles method it is possible to find the magnetic field spatial
and temporal distribution without usage an adapted parameter unlike of
the conventional Tnx∇∇  mechanism (see for example [6, 32]). On the
other hand, theoretical model for the generation of a magnetic field
proposed by Sudan [8] is not appropriate, this model being very large
ratio of plasma density to critical density and when the Tnx∇∇

contribution is not relevant.
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  1. The generation of an axial magnetic field in the plasma by a
circularly (or elliptically) polarized laser is often referred to as the
inverse faraday effect (ife). First theoretically described by Pitaevskii
[12] and Steiger and Woods [13] it results from the features of the
electron motion in a circularly polarized electromagnetic wave. During
the interaction of the plasma electrons with the circularly polarized laser
pulse, electrons absorb both the laser energy and the angular momentum
of the laser pulse. In particular,
THE ANGULAR MOMENTUM ABSORPTION LEADS TO THE
ELECTRON ROTATION AND GENERATION OF THE AXIAL
MAGNETIC FIELD BY THE AZIMUTHAL ELECTRON
CURRENT.
Naturally, IFE does not occur for a linearly polarized laser pulse since it
does not possess any angular momentum. IFE has since been measured
in several experiments [9,14, 15]. The conditions under which ife is pos-
sible are still not fully explored. What is theoretically known [16] is that
THERE IS NO MAGNETIC-FIELD GENERATION DURING
THE INTERACTION OF THE INHOMOGENEOUS
CIRCULARLY POLARIZED ELECTROMAGNETIC WAVES
WITH THE HOMOGENEOUS PLASMA.
Magnetic field can be produced in the presence the strong plasma
inhomogeneity [17–19] either preformed or developed self-consistently
during the interaction. More recently a mechanism has been proposed
for the generation of an axial magnetic field through the transfer of the
spin of the photons during the absorption of a transversely nonuniform
circularly polarized radiation [20].
THE MAGNETIC FIELD THUS GENERATED HAS A MAGNI-
TUDE PROPORTIONAL TO THE TRANSVERSE GRADIENT
OF THE ABSORBED INTENSITY AND INVERSE PROPORTIO-
NAL TO THE ELECTRON DENSITY, THE LATTER SEALING
BEING IN CONTRAST TO EARLIER THEORIES OF IFE [20].
    Along the same lines as [20], it has been demonstrated that in laser-
plasma interactions strong axial magnetic fields can be generated
through angular (spin) momentum absorption by either electron-ion
collisions or ionization.



WWoorrkksshhoopp  ““UUllttrraasshhoorrtt  ppuullssee  llaasseerr--ppllaassmmaa  iinntteerraaccttiioonnss””
aanndd  IINNTTAASS--0011--223333  pprroojjeecctt  mmeeeettiinngg, (SEPTEMBER 23-27, 2003)

aNSC “Kharkov Institute of Physics & Technology”, Kharkov 61108, Ukraine
bMIT Plasma Fusion Center, Cambridge, Massachusetts 02139, USA
cINFM, Dipartimento di Fisica “A. Volta”, Università degli Studi di Pavia,Pavia 27100, Italy

  Yet another mechanism of magnetic field generation has been proposed
(in framework of classical electrodynamics) [21], based on the resonant
absorption by energetic electrons of a circularly polarized laser pulse.
The resonance occurs between the fast electrons, executing transverse
(betatron) oscillations in a fully or partially evacuated plasma channel,
and the electric field of the laser pulse. The betatron oscillations are cau-
sed by the action of the electrostatic force of the channel ions and self-
generated magnetic field. This type of resonant interaction was recently
suggested as a mechanism for accelerating electrons to highly relativistic
energies [21,22].
WHEN A CIRCULARLY POLARIZED LASER PULSE IS EM-
PLOYED, ITS ANGULAR MOMENTUM CAN BE TRANSFER-
RED TO FAST RESONANT ELECTRONS ALONG WITH ITS
ENERGY. THE RESULTING ELECTRON BEAM SPIRALS
AROUND THE DIRECTION OF THE LASER PROPAGATION,
GENERATING THE AXIAL MAGNETIC FIELD [21].
In [21] the intensity of the magnetic field generated in relativistic laser
channel was calculated taking into account self-generated static fields,
which are neglected in known IFE theories [17–19]. Calculations [21]
are in agreement with the recent experiments at the Rutherford Appleton
Laboratory (RAL) [15] which exhibited very large (several megagauss)
axial magnetic fields during the propagation of a sub-picosecond laser
pulse in a tenuous plasma. The relevant aspect of the RAL experiment is
that both fast electrons and the strong magnetic field were measured in
the same experiment.
     2. In an underdense longitudinal inhomogeneous plasma the nonrela-
tivistic two-dimensional treatment of self-generated magnetic fields was
presented in the article [23], showing that a laser beam propagating
along a density plasma gradient produces a rotational current which
gives rise to a quasi-static magnetic field. An analogous mechanism was
considered earlier in the paper [24] whereas the nonlinear mixing of two
electromagnetic waves in a nonuniform plasma was discussed in the
work [25]. They investigated a circularly polarized pulse for which the
generation of low-frequency electromagnetic field is due to the inverse
faraday effect. In the extremely strong relativistic regime the magnetic
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field generated by the laser beams in underdense plasma was recently
studied numerically [26]. The main objective of the work  [18] was to
investigate self-generated quasi-static magnetic fields both in the laser
pulse body and behind the pulse in the region of the wake-field. Authors
treated the laser radiation as linearly polarized and the plasma as uni-
form and underdense. The analytical work was based on a perturbation
theory applied to the set of relativistic cold electron fluid equations and
Maxwell’s equations. The quasi-static magnetic field generated by a
short laser pulse in a uniform rarefied plasma is found analytically and
compared to two-dimensional particle-in-cell simulations.
 IT IS SHOWN THAT A SELF-GENERATION OF QUASISTA-
TIC MAGNETIC FIELDS TAKES PLACE IN FOURTH ORDER
WITH RESPECT TO THE PARAMETER VE/C WHERE VE AND
C ARE THE ELECTRON QUIVER VELOCITY AND THE
LIGHT SPEED, RESPECTIVELY. IN THE WAKE REGION THE
MAGNETIC FIELD POSSESSES A COMPONENT WHICH IS
HOMOGENEOUS IN THE LONGITUDINAL DIRECTION AND
IS DUE TO THE STEADY CURRENT PRODUCED BY THE
PLASMA WAKEFIELD AND A COMPONENT WHICH IS
OSCILLATING AT THE WAVE NUMBER 2KP,
 Where kp is the wave number of the plasma wake, a known property of
nonlinear plasma waves [27,28]. Numerical particle simulations confirm
the analytical results and are also used to treat the case of high intense
laser pulses with ve/c > 1. The resultant magnetic field has a focusing
effect on relativistic electrons in the plasma wakefield accelerator
context.
     3. Further we discuss the physical mechanism for generation of very
high “quasi-static” magnetic fields in the interaction of an ultraintense
short laser pulse with an overdense plasma target owing to the spatial
gradients and non-stationary character of the ponderomotive force.
Numerical (particle-in-cell) simulations by Wilks et al. [10] of the
INTERACTION OF AN ULTRAINTENSE LASER PULSE WITH
AN OVERDENSE PLASMA TARGET HAVE REVEALED NON-
OSCILLATORY SELF-GENERATED MAGNETIC FIELDS UP
TO 250 MG IN THE OVERDENSE PLASMA, THAT THIS
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NONOSCILLATORY MAGNETIC FIELD AROUND THE
HEATED SPOT IN THE CENTER OF THE PLASMA, THE
MAGNETIC FIELD GENERATION BEING ATTRIBUTED TO
THE ELECTRON HEATING AT THE RADIATION-PLASMA
INTERFACE.
The spatial and temporal evolution of spontaneous megagauss magnetic
fields, generated during the interaction of a picosecond pulse with solid
targets at irradiances above 5 x 1018 W/cm2 have been measured using
Faraday rotation with picosecond resolution, the observations being
limited to the region of underdense plasma and after a laser pulse fig. 1,
[6]. A high density plasma jet has been observed simultaneously with
the magnetic fields by interferometry and optical emission.
     Because of the high temporal resolution of the probe diagnostic, a
quantitative measurement of the transient nature of the fields has been
obtained for the first time. Interestingly, no Faraday rotation was detec-
ted immediately after the interaction, a possible reason being that the
fields were still limited to regions not accessible for probing. After 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 sense of rotation is the same as observed in previous
measurements in longer pulse regimes and is consistent with fields
generated by the thermoelectric mechanism (see for example [30]).
In paper [7] the first direct measurements of high energy proton
generation (up to 18 MeV) and propagation into a solid target during
such intense laser plasma interactions were reported. Measurements of
the deflection of these energetic protons were carried out which imply
that magnetic fields in excess of 30 MG exist inside the target. The
structure of these fields is consistent with those produced by a beam of
hot electrons which has also been measured in these experiments. Such
observations are the first evidence of the large magnetic fields which
have been predicted to occur during laser-target interactions in dense
plasma [10]. The intensity on target of laser radiation was up to 5 x 1019

W/cm2 and was determined by simultaneous measurements of the laser
pulse energy, duration, and focal spot size.
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IN [29] THE PROBLEM OF HIGH-INTENSITY, LINEARLY
POLARIZED ELECTROMAGNETIC PULSE INCIDENT ONTO A
COLLISIONLESS PLASMA LAYER IS SOLVED NUMERICALLY
IN A CARTESIAN COORDINATE SYSTEM IN A 2.5-D
FORMULATION (Z IS THE CYCLIC COORDINATE AND THERE
ARE THREE COMPONENTS OF THE MOMENTUM) BY MEANS
COMPASS (COMPUTER PLASMA AND SURFACE SIMULATION)
CODE. THE RECENT REVIEW [30] AND REFERENCES THEREIN
COMBINE A DETAILED INFORMATION CONCERNING
COMPASS CODE AS WELL AS ITS POSSIBILITIES AND
APPLICATIONS. ONE OF GENERAL ADVANTAGE OF THE
COMPLETE NUMERICAL SIMULATION IS POSSIBILITY AS
WELL AS AT THE LABORATORY EXPERIMENTS OBTAIN ALL
NECESSARY INFORMATION CONCERNING SPATIAL AND
TEMPORAL DYNAMICS OF BOTH PARTICLES AND SELF-
CONSISTENT ELECTROMAGNETIC FIELDS WITHOUT USAGE
OF ADDITIONAL DATA (REFLECTION AND ABSORPTION
COEFFICIENTS, CHANGES OF EITHER A PLASMA
TEMPERATURE OR DIFFERENT PLASMA PARAMETERS) IN
GIVEN SITUATION AT A INTERACTION INTENSIVE
ELECTROMAGNETIC PULSE WITH PLASMAS. WE GIVE ONLY
THE EXTERNAL PARAMETERS, THE BOTH INITIAL AND
BOUNDED CONDITIONS FOR PARTICLES AND FIELDS AND AS
RESULTS OF A NUMERICAL SIMULATION WE ATTAIN ALL
CHARACTERICTICS OF PLASMAS TOGETHER WITH PULSED
SELF-CONSISTENT ELECTROMAGNETIC FIELDS. IN GIVEN
PROBLEM WE CONSIDER AT THE INITIAL TIME, A COLD
MOTIONLESS NEUTRAL TWO-COMPONENT (IONS AND
ELECTRONS WITH A REAL RATIO OF THEIR MASSES)
PLASMA WITH UNIFORM DENSITY FILLS THE WHOLE RIGHT-
HAND PART OF RECTANGULAR DOMAIN X x Y = LX  x LY = 128
x 64 pec ω/  (C IS THE SPEED OF LIGHT, peω  IS THE ELECTRON
PLASMA FREQUENCY). THE LINE X = LB = 40 pec ω/

REPRESENTS THE PLASMA-VACUUM BOUNDARY. THE
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SYSTEM IS PERIODICAL ALONG THE Y-COORDINATE; THE
PLASMA PARTICLES ARE REFLECTED ELASTICALLY FROM
THE RIGHT-HAND AND LEFT-HAND BOUNDARIES. THE
INITIAL AND BOUNDARY CONDITIONS FOR THE
ELECTROMAGNETIC FIELDS (THEY ARE MEASURED IN UNITS

ecme /0ω ) ARE THE FOLLOWING: E (T<0) = B (T<0) = 0; EY ( X=0, Y,
T>0) = BZ (X=0, Y, T>0) = A (Y)COS ( 0ω T); A (Y) = A0EXP ((Y-
LY)/L0)

2, WHERE 2/0 peωω =   IS THE FREQUENCY OF THE
INCIDENT ELECTROMAGNETIC RADIATION. THE RADIATION
INTENSITY A0 PROVIDES A KINETIC MOMENTUM OF ABOUT
3MEC TO BE CARRIED BY OSCILLATIONS; L0 = 10 pec ω/ .
THE MOST CHARACTERISTIC FEATURE OF THE ACTION OF
AN INTENSE, NORMALLY INCIDENT ELECTROMAGNETIC
PULSE ONTO AN ULTRAHIGH-DENSITY PLASMA CONSISTS IN
A “WELL-DIGGING” EFFECT. THE DEPTH OF THE “WELL” IN
THE PLASMA PROFILE INCREASES WITH TIME AND IS 15 pec ω/

AT TIME 500 1−
peω . WORTH NOTHING IS THE GROWING IN TIME

SHARP NONUNIFORMITY OF THE PERTURBED PLASMA
LAYER IN THE TRANSVERSE DIRECTION.
THEREBY IT SHOWN THAT THE MAGNETIC FIELD
OSCILLATES WITH THE DOUBLED FREQUENCY OF A LASER
RADIATIAN, BUT IT HAVE UNCHANGED DIRECTION. THE
MAGNETIC FIELD OSCILLATIONS ARE SAW GOOD AT FIG. 2.
NOW LET US LOOK AT FIGS. 2a AND 2b, WHICH PRESENT TWO
INSTANTANEOUS MAGNETIC FIELD BZ DISTRIBUTIONS
SEPARATED IN THE TIME BY 1−

peπω  (A PLASMA WAVE HALF-
PERIOD).  IT WILL BE NOTED THAT A MAXIMUM OF
MAGNETIC FIELD (1.1) IN THE POINT (38,31) IN THE TIME

petω =200 (SEE FIG.2A) AFTER A PLASMA WAVE HALF-PERIOD
(SEE FIG. 2B) REPLACED IN THIS POINT VERY LOW VALUE OF
MAGNETIC FIELD.
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THE MAGNETIC FIELD BZ ATTAINS ITS PEAK VALUE OF (0.64)
AT THE POINT (36.5, 29), CF. FIG. 2b. IT IS SHOWN THAT THE
MAGNETIC FIELD BZ IS CONSISTENT WITH A LINEARLY
MODULATED CURRENT FLOWING ALONG THE LINE Y = LY/2.
WE DO NOT OBSERVE THIS FIELD TO CHANGE ITS
DIRECTION, BUT ITS STRENGTH VARIES SIGNIFICANTLY IN
TIME. HENCE, THE MAGNETIC FIELD CANNOT BE
CONSIDERED AS QUASI-STATIC BECAUSE IT VARIES BY
MORE THAN AN ORDER OF MAGNITUDE OVER A TIME OF

12 −

pe
πω .

THE MAGNITUDE OF THE “DC” MAGNETIC FIELD IS TEN
TIMES AS LOW AS THE MAXIMUM MAGNETIC FIELD. ONE
SHOULD NOTE THAT THE NUMERICAL SIMULATION HAS
BEEN MADE UNDER VERY OPTIMAL CONDITIONS: A
UNIFORM PLASMA DENSITY MAKES IT SURE A OWN PLASMA
OSCILLATION RESONANCE WITH A LONGITUDINAL
MODULATION DENSITY OF PARTICLES IN A WAVE AS WELL
AS A MAXIMUM FREQUENCY OF NONLINEAR TOMSON
SCATTERING SPECTRUM. IN EXPERIMENTS A PLASMA
INHOMOGENEITY WAS VERY ESSENTIAL, WITH THE RESULT
THAT RESONANT CONDITIONS WERE FULFILLED ONLY IN A
SMALL PLASMA REGION. THE RESULTS OF OUR NUMERICAL
SIMULATION WHEN RATIO OF PLASMA DENSITY TO
CRITICAL DENSITY IS EQUAL 9 (IN THIS CASE THE
RESONANT CONDITIONS ARE NOT SATISFIED (SEE FIG. 3)) TO
BRING IN EVIDENCE OF A RESONANCE SIGNIFICANCE.
AFTERWARDS THE INTERACTION PULSE, ONLY THE “DC”
MAGNETIC FIELD EXISTS, AS MEASURED IN THE
UNDERDENSE PLASMA REGION IN [6].
ON THE BASIS OF THE FORMULA

12/1222 ))(())/(10(2.4)( −−= mmWIxMGBdc µλ

(WHERE I IS THE INTENSITY OF THE INCIDENT LASER
RADIATION) ONE OBTAINS A “DC” MAGNETIC FIELD
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MAGNITUDE OF FEW MG FOR THE EXPERIMENTAL
PARAMETERS OF [6], AND A FEW TENS MG FOR THE
EXPERIMENTAL CONDITIONS OF [7]. A DIFFERENCE STILL ON
ORDER OF VALUE IS CONDITIONED THAT AT SUCH
INTENSITIES ONLY 10% OF THE INCIDENT LASER RADIATION
IS ABSORBED IN AGREEMENT WITH [31].
    BY MEANS OF A 2.5 - DIMENSIONAL NUMERICAL
SIMULATION ON THE MACROPARTICLES METHOD IT IS
POSSIBLE TO FIND THE MAGNETIC FIELD SPATIAL AND
TEMPORAL DISTRIBUTION WITHOUT USAGE AN ADAPTED
PARAMETER UNLIKE OF THE CONVENTIONAL Tnx∇∇

MECHANISM (SEE FOR EXAMPLE [6, 32]). ON THE OTHER
HAND, THEORETICAL MODEL FOR THE GENERATION OF A
MAGNETIC FIELD PROPOSED BY SUDAN [8] IS NOT
APPROPRIATE, THIS MODEL BEING VERY LARGE RATIO OF
PLASMA DENSITY TO CRITICAL DENSITY AND WHEN
THE Tnx∇∇  CONTRIBUTION IS NOT RELEVANT.
     THE WORK BY V.I. KARAS`WAS SUPPORTED IN PART BY
THE CARIPLO FOUNDATION (COMO, ITALY) AND INTAS
PROJECT 01-233.
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