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Inverse Faraday effect in a relativistic laser channel
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Abstract

Interaction between energetic electrons and a circularly polarized laser pulse in a relativistic plasma channel is studied.
Laser radiation can be resonantly absorbed by electrons executing betatron oscillations in the channel and absorbing
angular momentum from the laser. The absorbed angular momentum manifests itself as a strong axial magnetic field
(inverse Faraday effectThe magnitude of this magnetic field is calculated and related to the amount of the absorbed
energy.

One of the mostimportant processes thataccompany laser-A (r, t) = Ajexp(—r Z/R? — ¢2/T2)[ e, sin(¢;) + e, cos&,)],
matter interaction is the magnetic field generation. Mag-
netic fields could have a significant effect on the overall (1)
nonlinear plasma dynamics. Particularly, extremely high
(megagaugsnagnetic fields play an essential role in prop- whereé; = wt — wz/vpn £ = 2/ug — t, vpn andug, are the

agation of laser pulses, laser beam self-focusing, and pe h . ;
. oo ase and group velocity of the pulse, respectively> R.
etration of laser radiation into overdense plasma. Recentl group y P P >

. o or simplicity, we will considepy, = vy = . General case
yltrahlgh self—gene'rated. magnetic fields haye been r('aveale&dph # candvg, # cis considered by Kostyukaat al. (2002.
in experimenty Najmudinet al, 2000 and in numerical .
. . The ponderomotive force
simulation(Shenget al., 1998.
Among the various mechanisniStamper, 1991which
are responsible for the magnetic field generation, we will 1 Afexp(—2r¥/R® — 2¢2/T2) @

consider the inverse Faraday effé8teiger & Woods, 1972; Fpona = ~ 2 4ymc?
Gorbunowet al., 1996 resulting from the electron motion in
the CirCUIarIy pOIarized eleCtromagnetiC wave. During inter'pushes out electrons from the h|gh intensity region_ Here
action with a circularly polarized laser pulse, plasma elecandm are the charge and the rest mass of electrds the
trons absorb not only the laser energy but also the amount @fseed of light,y = V1 — v2/c2? is the relativistic gamma
the total angular momentum of the laser pulse. This angulagactor of the electron. The ion channel along thexis is
momentum transfer leads to the electron rotation and thesymed with the electron expelling. It is seen From E2).
generation of the axial magnetic field by the azimuthal electhat the ponderomotive force is essentially reduced for hot
tron current. electrons withy > 1. They may not be pushed out from the
Here we will consider another mechanism for laser—jon channel and can oscillate across #exis (“betatron”
plasma angular momentum exchange. Both experimenigsciliatior). Laser—electron energy exchange occurs at the
(Key et al, 1998 and Particle-In-Cel(PIC) simulations  resonance between electron betatron oscillation and laser
(Pukhov & Meyer-ter-Vehn, 199@emonstrate relativisti-  field (/\/y = w — kv,, whereQ is the betatron frequency
cally strong laser plasma channels or filaments in a nearcpykhov, 1999 It was recently observed in simulations
critical plasma. A circularly polarized Gaussian laser pulse(pukhov, 1999; Tsakiriet al, 2000 that electrons effec-
propagates along theaxis with vector potential tively absorb laser energy at this resonance. In the case of a
circularly polarized laser pulse, the electrons can resonantly
Address correspondence and reprint requests to: Igor Kostyukovghgorh the significant amount of the angular momentum too.
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The Hamiltonian of the electron motion inthe ion channel We assume that all electrons have the same valug, of
and in the laser field is andly and evenly distributed over the anglesand 6 and
along thez direction. Then electron distribution function is

mO2(x* +y?)

H=c\mc+ (p, +€eA/c)? +p? + 5 ,

3 N (2 (2m 1
F(,L,r) = ;j dgod@;@(l*lo)ﬁ(L*Lo)

where() = wy, is the effective ion frequency in the channel. o e

For simplicity, we neglect the self-generated magnetic field % 8[r —r(1,L,0)]8[¢ — o(1,L,0)] %)
of hot electrons. From here on we will use the unities Y .
for the time,c/w for the length, the momentum and vector
potential are normalized bync and mc%/e, respectively. channel
Assuming thatp? > 1 + (p, + A)? and using canonical y

. . o After integrating over the angles, we obtain the expres-
transform?tlon we can derive t”he Hamiltonian for the eIec—SiOn for the electron distribution function:
tron near “betatron resonance

where N is the linear density of the electrons along the

M?2 el 2 e(l+1L) F(,L,r) = — , (8)
H=p,+ $+W+A0exp _F 2p3/2 ™ \/[rn%ax(lxl-)_rz][rz_rnz'lin(lxl-)]
X sin[é, — 6, — 0], (4) whererin(l,L) <1 < rpadl,L). If electrons are evenly

distributed over angular momentuml, < Lo < I, then
wheree = Q/w, M? =1+ A?is the electromagnetic mass of integrating the electron distribution functié®) overL, Lo,
an electron in the circularly polarized electromagnetic waveand|, we obtain the electron density in the channel
el/\[p, = p?/(2p,) + e?(x? +y?)/2 is the transversal elec-

tron energy in ion channel, is the angu!ar momentur_n of N(ev7y) L, 2
the electronp and 6, are the angle variables canonically o T ,
. . 27l ey
conjugated td andL, respectively. n(r,e) = ol 9
Let us now consider in more detail the transversal elec- 0, r2> 2%
tron dynamics in the ion channel at the absence of the laser ey
pulse. It follows from Eq/(4) that the Hamiltonian of the ) )
transversal motion is Using Eq.(8) the expression fop component of the elec-
tron current density in the channel can be derived:
B p? €?r? _ el
=0t 2 =% 5) 1L 5(1—10)8(L — L)

= —eN— . (10
e 2y 2D — 1210 — 12, L]
Integrating the Hamiltonian equations we obtain

Solving Maxwell’s equatiolV X B = 4, the axial compo-

o NPEoL sin20), 6.-——t (s hentofthe static magnetic field can be found
eNy e Ay
Equation(6) describes the all electron trajectories defined (sign(L) 2eNe 8(1—1g)8(L—Lg), 0<r1 < Trmin
by the constant of motiohandL (—1 < L < 1). If angular vy
momentumlL, is equal to zero, then the electron motion is sign(L) ene 80— 1)8(L — Lg)
just one-dimensional oscillations. Ifis equal tol or —I, vy
then the electron performs circular motion with radius B.1) = « (1_ 2 arcsin Ir2eVy — L? >
T evyran1z—2)’
lo = “l/\[? Fmin =T = I'max
\O, I > lMax
In the general caséan arbitrary value ot.) the electron
trajectory is confined between the maximal radius, (11)
Fmax(l, L) = \/(l +412 - LZ)/\/P, The magnetic flux generated by the hot electrons along the
channel is

and minimal radius,

12

<I>—ﬂ8d—2”eNL5|—| S(L—L
min(1,L) = V(1 = VT2 12)/\ye?, = J) Bros="== 80~ 10)3(L - Lo)
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and the mean axial magnetic field in the ion channel is  sion power. Then the absorbed energy per electron can be
calculated with the averaging over the electron distribution

P 2eNe L function at the initial moment of times (1),
B) = = 6(1 —1g)6(L —Lg). (13
<>7Trr%ax WI+W( 0)8( 0). (13
1 A
It follows from Hamiltonian(4) that the interaction can be Q= fA“/F('o) dlo=—3 f<73('0)>6':('0) dlo,
described by the one action variabje= p, and by the
conjugated angle variabfe = £, — 6, — 6. Hamiltonian(4) . 5 9 9
takes a form in new variables G= <— o+ —> (19
a’yo dlo 8L0
3 M7 eyt ) _ .
H=Ho+H~,  Ho= o, ' 3 To calculate the absorption energy we consider the cold
Y 4 electron beam with the distribution functié{p,, p,,r) =
2 [e(y +v2) 8(p; = yp)8[HL(pzpu, 1) — Wi], whereH, = el/\y =
H~ = Ao eXIO(—@) T sinw, (14 p?/y is the effective transversal energy of electrgv, >
M/y.
whered = 2A(M2y 2 + 2ey Y2 + 2ey,y ¥2) 1 is the IntroducingX = e+[y,/W,, the absorbed power is
laser pulse duration in the coordinate system of the electron,
A = Tw wherey, andy, are the constants of the motion. A o B B
The resonance condition is Q= 2% AL = 29 (X = Dexp =2 (X, M),
go o ME e €Y1 ®(x,A) = A2(1—2X)? (20)

oy 297 + N + 2,2 = 0. (15
o _ The physical meaning ab (X, A) is the detuning between
From virial theorem we can write the phases of laser wave and electrond (X, 1) = 0, the
resonance between laser wave and electrons takes place. For
€(vot y)\70 = elo\vo =plo/2 + €%§/2~p2o, (160 ) s 1 the electrons absorb the maximum of laser energy at
) o X = 1/2 + 1/(2N/2/A) and the electrons transfer the maxi-
wherep, ois the transverse momentum at the initial moment,, ,m of energy to the laser &= 1/2 — 1/(2V2/A). The

of time andr, is the initial radius of the electron location. At 1, aximum of the absorbed energy as a function of the nor-
the resonancees = Yo andp, res = PL,o and the resonance | 4jized pulse duration = T > 1 is
energy is

A5 A 1
Yres = (TLO - (17) Q 167b \/5 2 ( )

In the limitM =1 andp, o = 0, v,n = C, the expression for Relation(21) is similar to one describing the gain of free

resonance electron energy coincides with one calculated bglectron laser in small signal reginiadey, 1979.

Pukhov(1999. According to Eq.(13), the electrons with distribution
Let us now calculate the laser pulse energy absorbed bfunctionF (v, I, L) induce the magnetic field

hot electrons. In this case, we can consider the last term in

the Hamiltonian(14) as a perturbation and use the pertur- 2eNeL  F(1)

bation theory. One of the simplest ways to derive averaged Bina = f<B(')>F(')d' B TN N . (22

change iny to the second order A, is to use Madey’s

theorem(Madey, 1979. According to the theorem, the

second-order change jnis The electrons have symmetrical distribution over the angu-

lar momentunl = Lyif —lg=L=lgandL=0ifL < —I,
19 orL > |y at the initial moment of the ion channel formation.
Ay =y = vo)lw, = > 9 (Y2 (vo)), Then there is no generated quasistatic magnetic field at this
Yo moment there. After interaction with the laser pulse, the
distribution overy, |, L is modified and the hot electrons can
(18) generate a magnetic field. In this case, the induced quasi-
static field is

f oH_ [70! \P(O)('yov T,\Ifo), t]
Y- = dt.
oV

The obtained expression is similar to one for the Landay

damping: T, ~ [P [k(of/dv)], where P, is the Cerenkov B .= | wanemd = | @na Fydln, 23
emission power. In our case2(l,)) is the betatron emis- nd J< (OFD f< [Htel2F (o) dlo 23
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B[1(l,)] can be derived with Taylor’s expansion using the Nev\y/(271o) = Ne?/(27W,), Eq.(29) can be rewritten in
fact that the form

B[l (Io)] = B(lo) + AyGB(lo) + <"—2N>(§2|3(|0). (24)

Wee Q
:—O.Z(Z—X)fth(%]mCz), (30)

Here we use the averaging ovés and the relatiomy =
Al = AL, which follows from Hamiltonian(4). Using  wherew?,=f Q2 andf = n,/n; is the effective neutralization
Madey’s theorem(18), we can reduce Eq24) to a more factor in the channel. The maximum of the magnetic field is

convenient form wee/w = 0.21fe2 For experimental conditioe? ~ % (Gahn
X A etal, 1999, f = 0.5(Borghesiet al,, 1997), the intensity of
Bing(lo) = B(lo) + 2G[{y2(15))GB(l)]. (25  the azimuthal magnetic field can be up to 5 MG.

Averaging with distribution functiofr(l ) and integrating
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