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Magnetic field generation through angular momentum exchange between circularly polarized
radiation and charged particles
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The interaction between circularly polarized radiation and charged particles can lead to generation of mag-
netic field through an inverse Faraday effect. The spin of the circularly polarized electromagnetic wave can be
converted into the angular momentum of the charged particles so long as there is dissipation. We demonstrate
this by considering two mechanisms of angular momentum absorption relevant for laser-plasma interactions:
electron-ion collisions and ionization. The precise dissipative mechanism, however, plays a role in determining
the efficiency of the magnetic-field generation.
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The interaction between circularly polarizé@P) radia- deed possesses angular momentum given by its spin. The
tion and charged particles occurs in nature and in the labosector potential of the right-hand polarized EM field is given
ratory. For example, radio pulsars are believed to be rotatingy the following expression:
magnetized neutron staf$,2] which produce powerful cir-
cularly polarized electromagnetic waves along the rotation -
axis. Recent laboratory experimefn8-5|] demonstrated that e_A —
large quasistatic magnetic fields can be produced when a mc?
circularly polarized laser pulse interacts with the plasma.

This m_ethod pf magnetlp-fleI(J_I genera_tlon can be utilized forwhereﬁ=kz— wt+ ¢ is the wave phasep=tan y/x is the
a hybrid inertial-magnetic fusion confinemgm. » I

The circularly polarized electromagnetiEM) radiation ~ &ngle of the position phasor, aed =e, +ie, . The normal-
has nonvanishing angular momentum associated with thiged electrice=(—1/c)da/dt and magnetib=V xa fields
photon spin. In the course of the wave-particle interactiondefine the normalized Poynting flyx=exb
this spin can be transferred to the medi{inh When a me-
dium contains free electrons, azimuthal electric current can
be induced, and a magnetic field is generated through the 5:k2
inverse Faraday effe¢tFE). IFE in an arbitrary gyrotropic
medium was first predicted on the basis of a thermodynamic
argument by PitaevskiB], and later rediscovered in plasmas
by Deschampst al.and Steiger and Wood9]. They argued
that the CP wave with a normalized vector potentg|
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where we have assumed a tenuous plamﬁng and a
broad laser pulse with the focal spot>k 1. The transverse
— e Ame and frequencvs induces an axial magnetic-field profile of the pulse is assumed Gaussian which is a valid
_ 2 q Yo nag assumption in the vicinity of the laser focus. The first term is
Bo=mc&w?/2ew, where w,=(4mwe*n/m)¥? is the elec- - - -

0 p ' p .the Poynting flux in the forward direction and the second

tron plasma frequency. The conditions for producing this aziye is ‘associated with the photon spin. Therefore, the Poyn-
muthal flow have not been addressed in R&f.and in sub-  inq fix of the laser pulse spirals around thexis. This

sequent publicationszon the subjgef10-13. For example,  gyirajing motion is precisely the classical equivalent of the
the classic IFE B,>ap) cannot occur in a preformed colli- - photon “spin in quantum mechanics. The azimuthal time-
sionless plasma. _ averaged component of the Poynting flux vanishes for linear

The purpose of this paper is to demonstrate that strongo|arization, and reverses its sign for the left-polarized

axial magnetic fields proportional to the laser intensity ca Lo .~ - -

be gene?ated in the F;))Iagma by an intense CP Iase)r/ pufleel\./lawave (polarity is reversed by replacing, by e-=e
owing to dissipative effects which result in the absorption of — iey). o o )
the laser angular momentum. We present examples of two, To calculate magnetic field generation in a v_veakly _coII|-
such effects: electron collisions and ionization inside the laSional plasma, we integrate the electron motion in the field of
ser pulse. It is of importance also precisely how these dissi® transversely nonuniform laser pulse. To examine the elec-

pative effects enter. Note that a higher-order IEE%a) is tron motion in the EM wave, it is convenient to use the

possible even in the absence of the angular momentum abagrangian descriptiofiL4]: let £(t,x,) be the displacement

sorption due to relativistic effec{d3]. of an electron initially located at=x,, which, forag<1,
First, note that a classical CP electromagnetic wave insatisfies the nonrelativistic equation of motion
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whereE andB are evaluated a10+§. Collisions are imple-
mented in our model through the friction coefficient
It is convenient to separate the electron displacement into

the high- and low-frequency Componentfq(t,io) and
£,(t,X,), respectively. Under a weakly relativistic assump-

wy/c

L2 R 2 - - - : ‘
tion ag<l, £,(t,xo) is of orderay:€&;/c~a+ ylw?dalit. 03, 20 20 60

Note thatél-ﬁaﬁo, resulting in the collisional damping of wt

the SM Wave(lnversg br?mSStrahhimgThf |r12verse bLems- FIG. 1. Azimuthal particle displacement in the prescribed laser
strahlung(IB) rate y,, is given byy, = yrwp/©” [15], where  gay with ag(r)=0.1 explr 220?)[1+tanhg/T]. Solid line, no

v+ s the fast collisions frequency. collisions (y=0): dashed liney/w=0.1; thin solid line, guiding

Determining the appropriate collision frequengpr y;iS  center drift. Laser parametersT=100=15c/w. Electron is
not straightforward. For example, for electron-ion collisions, jaunched at= — 4T atr= /3 with a vanishing velocity.

in the limit of weak EM wavea,c<vy,, the averaged over
the Maxwellian distribution high-frequency collision rate is
given by y;=(47Ze*noA¢ /m*?T3?) whereT, is the elec-
tron temperatureZ; is the ion chargdtaken to be unity for
singly ionized iong and A;=In(2>?T315%4,7,e?m"?),
whereI'=0.577-- is the Euler constarftl7]. For w>w,,

zation driftv "= — (£;- V) £,. [We note that ifV - A=0 is not
satisfied as in Refs[11,12, then an additional term
engw(ﬁ . El) appears to contribute to magnetic-field genera-
tion. This leads to an incorrect conclusion that magnetic field
Ay is smaller than the standard Coulomb logarithm becaus ?sr;ib?o\t?\?enerritceedslsr]]as homogeneous plasma in the absence of
only collisions with impact parameteps<v/w contribute to P ) p o . i

the inverse bremsstrahlung. Even greater reduction of the |B Substituting¢, into Eq. (3), the time-averaged equation
occurs for strong electromagnetic waves watfc=uvy,:y;  for &, is derived:

«(aoC/vy,) "2 [16]. Note that the reduction of the rate of

bremsstrahlung collisions may occur at a relatively low laser 9&, . e S EE 9 . . -
intensity. All that is needed for this reduction to occur is that Tt Tysba= V| 5| ot (6 V)&

the quiver velocity exceed the thermal speed. For cold plas-

mas (say, 5 eV temperatureeven modest intensity of +7f[(§1-€)§1—§1X€X§1]- 4

10" W/en? (for 1 um lasei satisfies this condition. At

that intensity, and provided that the laser pulse is sfe@¥-  Note that we have substituted the appropriate collision fre-
eral picoseconds or shoriermost anomalous mechanisms quency ys into the left-hand sidéLHS) of Eq. (4). The

(such as Raman scattering, for exammle not have time to —V(a2/2) term in the right-hand sidRHS) of Eq. (4) is the

pla/{ z’;\ergl)er:].d characteristic collision frequengy describes standard ponderomotive force which does not project gnto

: _Irequengy . direction for azimuthally symmetric laser pulse. Electric-
the scattering rate of the slow oscillation center drifts. For - o o
electron-ion collisions in a hot plasma with,,>a,c, it is field Eg is induced by the quasistatic magnetic field through

given by ys=4rrZie4no/(ml’2T§’2)A. Interestingly, y, can Faraday’s law; it vam;hes in steady state, anq is in general
be substantially higher thar; because both large- and small when the spot S'Z@<_C/’”P' The_ Iast_term in the RHS
small-angle collisions contribute tes, but only the large- of Eq.(4) alsoédo?s;not project onig direction. The remain-
angle collisions contribute toy; [17]. The difference be- ing term,d,[(&;-V)é&;], determines, in the absence of colli-
tween the two collisional rates is small when the laser inten-.. Tt (7 ©N\E ; ;

sity is weak: only the Coulomb logarithm is different for > " the oscillation center dr|fg2—(§£-V);§l. TE“S *dr-ift
and y¢. However, in a strongly illuminated plasma,/y;  €xactly cancels the magnetization drift;=&,—(£1-V) &1
~(Vosl Vi) ?>1 [18]. =0. Therefore, without collisions there is no time-averaged

To calculate the time-averaged electron currﬁmt note azimuthal current and, consequently, no axial magnetic field.

that in the Lagrangian formulation the total time-averagedwith collisions, in steady staté,= 0, and the time-averaged

electron velocity electron fluid velocityo = — (&;- V)&, drives the magnetic

field.

Us¢(X)=f dxo(£48%(X—Xo— &) Note that the convective velocityt= £,=(&;- V)&, rep-
resents a real physical drift of the oscillation center of an
electron subjected to the transversely inhomogeneous CP
s electromagnetic wave which has been, to our knowledge,
tive drift of the oscillation centersc= ¢, and the magneti- overlooked. To visualize this drift, we performed a numerical

consists of two components;=v¢+uv¢': the slow convec-
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simulation of the single-particle motion in the prescribedthe collisions of the counter-propagating electron tails. Simi-
electromagnetic field of a laser pulse which is adiabaticallylarly, other current drive mechanisms also require nonvanish-
turned on over several laser perio@gee Fig. 1 for param- ing collisions[21].

eterg. Azimuthal displacementy=r¢ of the electron Another important thing to note is that the turn-on time of
through approximately 15 laser periods is plotted in Fig. 1the magnetic-fielB, is determined solely by (i.e., by the
without (solid line) and with (dashed ling collisions. The small-angle collisions The power dissipation rate due to
thin solid line drawn through the displacement maxima in thecollisions is, however, determined by (i.e., by the large-
collisionless casey=0) is a visual aid indicating the drift angle collisions One can pose the following question: how
of the oscillation centers in the negatigedirection. Its slope  much dissipated power per unit volurd®/dV is required to

is determined by the oscillation cent@®C) drift velocity ~ maintain a given magnetic-fiele. The answer is given by an

£2y=(c?/2w) 3,a3 derived above. Since the current producedefficiency formula

by the OC drift cancels the magnetization driﬁf’s“y
B e

dP/dV ~ 2mcwy;’

= —(&,-V)&,, no azimuthal current is produced without
collisions. With collisions, fory/ w=0.1, the OC drift is dis-
sipated by the frictional force. For simplicity, the subtlety of . ) .
ys# v; is neglected in the simulation. which implies that in a strongly illuminated plasma one can
The equation for theotal azimuthal component of the acgle\t/.e a.h'?r? elfgmchchr)]B—f![eld genfrat|on d:Jde tol the
. L _ Y reduction in the IB rate. The turn-on time would only in-
fluédEs\;e/Igflt.IXhlz %I;ﬁn nngﬁé"’:ﬁfs{ég eth)ésr«vgilthv,g&gr}éé crease slightly since,s>y;. Note that, as with the current

law to obtain an equation for the axial component of thednv.e.eff|C|enC|es[21], this ef_f|C|ency sca!es |nvers<_aly with
magnetic field collision rate. The current drive analogy is appropriate when

inverse bremsstrahlung is the principal absorption mecha
nism.

9 Collisions is not the only mechanism which enables an-
—(ViB,—k2B,) + ¥sV7B,= V7B, (5)  gular momentum absorption and magnetic-field generation.
Jt Gas ionization in the presence of EM wave also enables IFE.
Moreover, we find that it is not necessary for the ionization
to be done by the CP pulse itself: electrons can be released
wherek,=wy/c, Vi=r"1d,(r9;) and Bo=—27mencd/®  from the aton%s througrﬁ) any ionization process as long as it
is the steady-state magnetic field in the plasma, as calculatqgle rs inside the pulse. This process is purely classical, and
by Steiger and Wood§9], and we assumed that the laser g4 be distinguished from the dc magnetization of gases

pulge which is transversely thin and varies slowlyziapdt and solids achieved by the direct optical pumpiag,23.
(typical for tightly focused laser pulsesFor large times Assume that every electron which is released from an

magnetic-fieldB, approaches,(r). Note that magnetic field - 510 has a vanishing velocity at the time of its release. La-

can never excee®,, no matter how fast the rate of the g angian description of the continuously ionized plasma is

Engmar momerlt#m ||Osts by Ithe EM wave. ThISI Is SITpWStiII possible, only now the displacement of the electron
ecause, whiie the electron plasma experiences ‘arger forqie) 4y _ z¢ ' x,) becomes a function of its release titie

for larger y;, it also experiences a larger friction force. oA o

Note that the appearance in the plasma of net angula'?or simplicity, assume a _stratlﬁed geometry, wheneorre-.
momentum is due to the unequal effect of collisions on theSponds to the radial posnmmandy cprresp_onds to the azl-
canceling drifts, namely, the oscillation center drift and themUthaI distance ¢. Neglec’qng the mduptwe electric field
magnetization drift. We can compare the appearance of argo.r o<clay), bY conseryanon of canonical momeqturg, the
gular momentum due to a circularly polarized wave with thedZimuthal velocity of thg's electron at the location=xo
appearance of linear momentum, or current, due to an elec+ £) at timet is
trostatic wave with large phase velocity>uv, [19]. In
both cases, the absence of collisions results in canceling cur- B =a,t X)—ay(t’ ;O)_ 7
rents. The electrostatic wave carries no momentum in the oo e
sense that were it to damp by means of quasilinear theor i .
within a plasma, say on elegtro);ls, asa resuﬂt of this damping{yn a preformed plasma, only the first term in the RHS of Eq.

the electron distribution function would conserve momentu 7) remams..'The second_ term n the RHS Of. Hl) arises

but not energy. Therefore, while the wave may appear to giv ecause thg sﬁelectron is born in a nonvanishing vector
momentum to resonant electrons on the tail of the electroRotentiala,(t',xo). Itis absent for electrons produced before
velocity distribution, there is in fact an entirely canceling the arrival of the laser pulse. In a completely preformed
current by the nonresonant slow electrons. However, shoulBlasma, in the absence of collisions, there is no azimuthal
the nonresonant bulk electrons collide more frequently thaifurrent even inside the laser pulse. However, finite azimuthal
the fast tail electrons, the tail electrons will carry a current.currentis leftin the wake of an ionizing laser pulse, creating
Collisions are similarly necessary for an electromagnetic 0ng solenoid of magnetic field behind the pulse.
wave to drive currenf20], although in that case there is no ~ Total azimuthal current densitpg, at the space-time

bulk current to cancel, but rather an asymmetry is induced ipoint (t,)?) can be expanded to the lowest orderéinas

(6)
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t . - 2 o= - c J [t .
n8,~— [ at(Tbnelayt’ 0+ Tlayw Hpncl), nBy(1)= | avipnga. o

2w IX
€S
.. Integrating over the transverse dimensions yields the volume
wherepn(xo) is the probability of creating an electron in the density of the angular momentum left behind the laser pulse
vicinity of Xy per unit volume per unit time. The density of
neutral gas ing, and the ionization occurs with the prob- . MG [+

ability p as the result of, e.g., tunneling or multiphoton ion- L(x)=—
ization. Whichever mechanism prevails depends on the laser
parameters. The assumption of the elgctron release at res'[Asstraightforward calculation confirms that Ed.) is iden-
reasonable for most ionization scenarios.

. . . . tically equal to loss rate of the laser angular momentum.
The first term in the RHS of E8), although linear in the From Ampee’s law and Eq.(10), the magnetic field left
laser field, is negligibly small if the ionization takes place behind the laser pulse is given by
over several laser periods, as we are going to assume. The

vanishing of the first term in the RHS of E@) is due to the

dn R
dt’(—) a%(t’,x). (11
dt’

—o0

2
phase mixing of the velocities of electrons released during ﬁz __1ft dt’ % a2(t’ )Z). (12)
different phases of the laser vector potential. The magnitude mc 2w)_o t '

of the linear term is of the order expw3r?] assuming that

pxexd —t%/77]. It is the second, nonlinear term which can According to Eqs(11) and(12), the magnetic field is simply
produce a sizable contribution to the azimuthal current due t®roportional to the angular momentum lost by the laser
the fact that the time_averaged prod@é;a)» does not van- pulse. Note that, although electrostatic wakes behind the ion-
ish. Physically, electron displacemeémlue to the laser field 'Y Ia§er pulse have been studied], I_Eq.(12) describes a
ensures that two different electropnandk, released at dif- magnetic lwal_<e The present calculation demonstrates that,

) S during ionization, magnetic fields can be produced on a sub-
ferent timest; andt,+ 7/ at the same locatior,, end up

: g&:osecond time scale in a collisionless plasma.
spatially separated after the passage of the laser pulse. H

. ; ; . Consider the following example: a 503 30 fs laser
they not been spatially separated, their respective Cont”b"bulse with the=0.8 um wavelength is focused to the

tions to the plasma angular momentuf)x and£{9x®,  —g ,;m diameter onto the helium gas at atmospheric pres-
would have canceled. _ N sure. The peak intensitly=4x 10'> W/cn? corresponds to
Since we are concerned with obtaining the angular veloca2~10-3, and the plasma densitigassuming single-stage

ity of order c|a|?(ke) %, and there is already on#dx de-  jonization n="5.4x 10%m 3. From Eq.(12), the peak mag-
rivative in the nonlinear term of Ed8), it can be assumed petic fieldB,~2.5 kG.

that In summary, the magnetic-field generation through the in-
- verse Faraday effect requires a dissipative mechanism of
&0 ling th latspi f the | h
_:J dt[a(t") —a(t)] 9 coupling the angu a(§p|n) momentum of the laser to the
c t ' plasma, but the precise nature of the dissipation can enter

R R importantly. Two examples, collisional absorption and ion-
where the dependence afon x is implied. Assuming that ization, are considered. lonization-induced IFE opens the
a,=ap cost—k2), a,=ag sin(wt—ka), anda,=dsapsin(wt  possibility of generating large magnetic fields on an ultra-

—k32/k, it can be shown that short time scale.
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