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Quasistatic magnetic fields generated by nonrelativistic intense linearly polarized (LP) and circularly polarized

(CP) laser pulses in an initially uniform underdense plasma in the collision-dominated limit are investigated analytically.

Using a selfconsistent analytical model, we perform a detailed derivation of quasistatic magnetic fields in the laser pulse

envelope in the collision-dominated limit to obtain exact analytical expressions for magnetic fields and discuss the

dependence of magnetic fields on laser and plasma parameters. Equations for quasistatic magnetic fields including

both axial componentB, and the azimuthal one By are derived simultaneously from such a selfconsistent model. The

dependence of quasistatic magnetic field on incident laser intensity, transverse focused radius of laser pulse, electron

density and electron temperature is discussed.
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1. Introduction

The problem of the generation of quasistatic mag-
netic fields!' 18! in laser plasma interactions is an im-
portant issue related to many research areas, such as
the formation of plasma channels in the context of fast
ignition of fusion targets,['?2%) the plasma-based par-
ticle accelerators,?!l and the x-ray generation, or EM
radiation of pulsars.[2?]

The spontaneously generated magnetic fields ac-
tually can be produced by an electron current through
a variety of mechanisms, including nonparallel elec-
tron density and temperature gradients (Vn, x V)
in the ablated plasma,? the ponderomotive force of

the laser, 34

the anisotropic electron pressure due to
the collisional absorption of the laser® and the strong
axial currents due to flows of relativistic electrons,
axially comoving with the pulse.[ Numerical simu-
lations carried out by Wilks et al.l3) for the interac-
tion of a relativistic ultraintense laser pulse with an
overdense plasma target predicted that the extremely
high self-generated magnetic fields could reach about

250 MG (1 MG=10% T). Sudan*! suggested that the

dc currents driven by the spatial gradients and tem-
poral variations of the ponderomotive force exerted by
the laser on the plasma electrons, played roles as an
origin of the strong magnetic field discovered in nu-

Bl Kim et al.[19 and Berezhiani et

merical simulations.
al.' also pointed out that in interactions of circularly
polarized relativistic ultraintense laser pulses with un-
derdense plasmas the sources of axial magnetic field
generation are the inhomogeneities of electron density
and laser intensity. They showed that because of the
strong plasma inhomogeneity caused by the intense
laser beam, a low-frequency drag current was induced,
which, due to the inverse Faraday effect, produced
a quasistatic magnetic field in the beam propagation
Recently, Qiao et al.

area. studied the quasistatic

magnetic field and the quasistatic electric field gener-
ated in relativistic intense laser plasma interaction.!*®!
In their paper, a self-consistent kinetic model based on
relativistic Vlasov—Maxwell equations was presented
for the generation of both the quasistatic magnetic
field and the quasistatic electric field, in relativistic
intense laser plasma interaction.

The problem of quasistatic magnetic field gener-
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ated by a nonrelativistic intense laser in an underdense
plasma is important for studying the inertial confine-
ment fusion. In an underdense inhomogeneous plasma
the nonrelativistic two-dimensional treatment of self-
generated magnetic fields was presented by Tripathi
and Liu.'? They showed that an amplitude modu-
lated laser beam propagating along a plasma density
gradient produced a rotational current that gave rise
to a quasistatic magnetic field. Self-generated mag-
netic field due to the anisotropic electron pressure in
the interaction of a nonrelativistic laser and a uni-
form underdense plasma was investigated by Mora and
Pellat.[®) They showed that the collisional absorption
of the laser induced a nonlinear anisotropy in the elec-
tron pressure tensor, which is responsible for a large
source of the quasistatic magnetic field. They pro-
posed a selfconsistent analytical model to obtain the
evolution equation for the magnetic field. However,
the analytical explicit expression for the magnetic field
including both the axial part B, and the azimuthal
part By in the collision-dominated limit and the de-
pendence of magnetic field on laser and plasma pa-
rameters such as incident laser intensity, transverse
focused radius of laser pulse, electron density and elec-
tron temperature were not given in their paper. We
continue their work by performing the detailed deriva-
tion of selfgenerated quasistatic magnetic fields in the
laser pulse envelope in the collision-dominated limit to
obtain the analytical explicit expression for magnetic
fields and discuss the dependence of magnetic fields on
laser and plasma parameters. In this paper, we inves-
tigate the generation of quasistatic magnetic fields in
the interaction of nonrelativistic intense linearly po-
larized (LP) and circularly polarized (CP) laser pulse
with an initially uniform underdense plasma. Equa-
tions for quasistatic magnetic fields including both ax-

|

ial component B, and the azimuthal one By are de-
rived simultaneously.

2. Derivation of quasistatic mag-

netic fields

Mora and Pellat[®! proposed a self-consistent an-
alytical model, starting with the momentum equation
for an electron in the Krook model

me<a(,;;e +'ve-Vve) = —e(E + v, x B)

—iV - P, — mevve, (1)
Ne

where e, m,, N, Ve and v are the electron charge,
mass, density, velocity, and electron—ion collision fre-
quency, respectively. The electron pressure tensor
is P. = ne(Tel + me(vyvy)), where collision be-
tween electrons and ions induces anisotropy, i.e. term
neme(vhvy). The physical quantities are divided into
a slowly varying component and an oscillating com-
ponent at the laser frequency w, thus, E = (E) + Ey,.
The evolution equation for the quasistatic magnetic
field is obtained asl®!

9(B) G
50 V X (ve) X (B) — ngv (B)
= Si(r,t)+ S (r, ). (2)

In a uniform plasma Si(r,t) = (me/e)V X (1/(ne))V -
(ne)(vhovn) and S,.(r,t) = ™=V x (v, x (V x vry) +
(V - vry)vy) are a thermoelectric source and radia-

tive source, respectively. The electron current which
induces the quasistatic magnetic field in the collision-
dominated limit is obtained asl®!

(J) = (e/v)V - (nevyvy) + e{vp(V - nery) + vp X V X nery). (3)

Now, we come to consider the propagation of a laser pulse with wavelength Ag and wave number k = 27/)\g
along the z direction in a uniform underdense plasma, where the electric field in the laser pulse envelope is
usually expressed as

1 o ks
E(x,t) = §EO(T’ t)(e, +iceg)el *eikzmivt L (4)

The laser
is assumed to have a transverse Gaussian distribution, i.e. I = Iyexp(—r?/rg) in intensity, and amplitude

where o = 0,+1 for the linearly polarized laser and the circularly polarized laser, respectively.

of electric field By = v/Tyexp(—r?/2r2) = Eyexp(—r2/2r2). Equation (4) can be written in an equivalent
expression as follows:

E(x,t) = Ey(r,t)[cos(ad + kz — wi)e, — asin(ab + kz — wt)eg]. (5)
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The electric field exerts electrons an oscillation velocity

eEy(r,t)
m(v? + w?)

aeEy(r,t)
m(v? + w?)

v, = — [vcos(al + kz — wt) — wsin(ad + kz — wt)]e,
[wcos(alf + kz — wt) + vsin(ald + kz — wt)]eq, (6)

thus the displacement of electron can be derived as

_ _ 6E0(T‘7 t) ;V .
Th = /'Uhdt = T2 +o?) { » sin(ad + kz — wt) — cos(ab + kz — wt)] e,
aeFEy(r,t) . v
02 + o) [ sin(ab + kz — wt) + ” cos(al + kz wt)} €ep. (7)

The three terms on the right-hand side of Eq. (3) are then written as

egEAge_Trz/rg

ae2E2e=" /o
C2m2(v? + ww
ezE'ge_Tz/Tg

(vh x V X 1) = m[a(—r/r%)eg — k(14 a?)e,]. (8)

V- (vpvn) = [(=2r/r§) + (1 — a?)/r]e,,

(on(V - mn)) [(=r/r8) + (1 = a®)/r]es,

Inserting Eq. (8) into Eq. (3), the electron current is obtained to be

(J) = (e/v)V - (nevpon) + e{(vp(V - nern) + vn X V X nery)
= Cre™" /o [(=2r/r) + (1 — o?)/re,
+Co[(=2r/13) + (1 — a?) /rle ™" /Tieq + Cye™" Mie,, 9)
where R
k(1 + a?)enceE?
2m2(1v?2 + ww

enee? B2 aenee? B2
= —mm 2 = ——
2m2(v2 + w?)v’ 2m2(v? + w?)w’

01 and 03 = —

With Ampere’s law V x B = poJ, we give the solutions of the quasistatic magnetic fields B, and By for the
given focused laser beam in cylindrical coordinates (r, 8, z) as follows:

0B pevence? B2 ) ) 2,
z_ e ) 1 /T 10
or M2 1 w?)w [(=2r/r5) + (1 —a”)/r]e ; (10)
10 pk(1+ a2)ence?E2 _ 2,
_ By = — T /7‘0. 11
r or (rBs) 2m?(v? + w?)w ¢ (11)

We solve Eqgs. (10) and (11) to derive the magnetic ~ and the azimuthal magnetic fields are expressed as

field for the linearly polarized laser and the circularly 2 2

polarized laser, respectively. When the laser is lin- B, = :FM(%_TZ/ Tg, (14)
) . ) 2m2(v? 4+ w?)w

early polarized (o = 0), the axial and the azimuthal L 252,21

magnetic fields have the forms By = %;[e_’z/’g —1].  (15)

S s s 3. Discussion
By — LRenee Bovo Li—rtig gy (13) | | |

Am2 (V2 + w)w r We find that the axial magnetic field B, is gen-
erated only by circularly polarized laser, while the az-

For a circularly polarized laser (v = +1), the axial  imuthal magnetic field By can be produced by both
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the linearly polarized laser and the circularly polarized
laser. Figures 1-3 illustrate the curves for quasistatic
magnetic field as a function of laser beam intensity
Iy and radial coordinate r in different transverse fo-
cused radii. The wavelength is A\g = 0.531 pm, the
electron temperature and density are T, = 1 keV and
We find from Fig. 1 that
for both the linearly polarized laser and the circu-

ng = 0.1n. respectively.

larly polarized laser By is close to zero near the axis
and increases with radial coordinate r increasing, af-

(a)
8+ — 7o = 10Xg 4
----19 = 15X¢g
- ro = 20A\o B

61 i
o L i
&
s 4r o E
A .

2r ’f’ \“‘\___ R

0 . . . . .

ter reaching the peak value near r = ry it decreases.
Figure 2 shows that By increases linearly with laser
intensity Iy increasing. Comparing the two different
polarizations, we find that By produced by a circularly
polarized laser is twice that produced by the linearly
polarized laser, subject to the same parameters. It
can be seen from Fig. 3 that for a circularly polar-
ized laser, B, reaches a maximum value at r = 0 and
decreases gradually with r increasing. B, increases
linearly with laser intensity Iy increasing.

(b) . — 79 =10X0
8r ----1rg = 15Xg |
o T ro = 20g
6 _-':'/'_‘~\ 4
:'.,” \\
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Fig. 1. Transverse profiles of azimuthal magnetic field By for (a) linearly and (b) circularly polarized Gaussian

lasers at intensity Iy = 0.05 x 1018 W/cm2, wavelength Ao = 0.531 um, transverse radius ro = 10Ag, 7o = 15X\o

and rog = 20\o, electron temperature Te = 1 keV and electron density ng = 0.1nc (1 G=10"% T).
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Fig. 2. Values of azimuthal magnetic field By as a function of the laser intensity Ip at r = 7o, for (a) linearly

and (b) circularly polarized Gaussian lasers at wavelength Ag = 0.531 um, electron temperature To = 1 keV and

electron density ng = 0.1nc.

078701-4



Chin. Phys. B Vol. 19, No. 7 (2010) 078701

0.12 r 0.25 T T T T
— T = 10)\0 (b) — T =T7T0,T0 = 10)\0
0.10 ----19 = 15X 4 | |
_____ o = 2020 0.20
0.08 A
) U 0.15f J
z =3
~ 0.06 B N
Y| Q
0.10 - g
0.04 i
0.05 - 4
0.02 4
0 e 0 | | | \ !
40 50 60 0 0.02 0.04 0.06 0.08 0.10
7"/)\0 7‘/)\0

Fig. 3. Transverse profiles of axial magnetic field B, for a circularly polarized Gaussian laser at Ip = 0.05 x
1018 W/ch, Ao = 0.531 pm, T. = 1 keV and ng = 0.1n¢ (a), and axial magnetic field B, as a function of laser
intensity Ip at » =0, A\o = 0.531 pm, Tc = 1 keV and ng = 0.1nc.

The collisional absorption of the laser pulse in plasma induces a nonlinear anisotropy in the electron
pressure tensor, which acts as a large source of the quasistatic magnetic field. The magnetic field depends
greatly on electron—ion collision frequency (v = 3 x 10™°n.Z/ TS / 2), which is determined by electron density
and temperature. Figures 46 illustrate quasistatic magnetic field components (B, By) as functions of electron
density n. and electron temperature T,. It is shown from Fig. 4(a) that for low electron temperatures (T, = 0.01,
0.02 keV), the azimuthal magnetic field By at r = rg increases with the increase of electron density ne/n., after
reaching a peak value it decreases. When electron temperature is relatively high (7, = 0.05, 0.1, 1 keV), the
azimuthal magnetic field By nearly increases linearly with ne/n. increasing. Higher temperature induces larger
magnetic field. We find that the curves for T, = 0.1 keV and T, = 1 keV almost overlap. This is because at
relatively high temperatures, electron—ion collision frequency v decreases with T, leading the variation of v
with w to be neglected and By to increase with n,. linearly and not to depend on T,. Figure 4(b) shows that the
azimuthal magnetic field By at r = r( increases with electron temperature T, and nearly remains unchanged at
higher temperatures. Higher electron density induces larger magnetic field. It can be seen from Fig. 5 that the
azimuthal magnetic field By shows similar characteristics dependent on electron density and temperature but
By produced by a circularly polarized laser is twice that produced by a linearly polarized laser, subject to the
same parameters. Figure 6 shows the curves for axial magnetic field B, as a function of electron density and
temperature at r = 0, with using a circularly polarized Gaussian laser.

70 T \ T T 70 T
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Fig. 4. Curves for (a) azimuthal magnetic field By as a function of electron density ne at r = rg for different

electron temperatures with using a linearly polarized Gaussian laser at intensity Ip = 0.05 x 10'® W/cm?, wavelength
Ao = 0.531 pm, and transverse radius 7o = 15X (a) and for (b) azimuthal magnetic field By as a function of electron
temperature T for different electron densities at Iy = 0.05 x 1018 W/cm?, A\g = 0.531 um, and 79 = 15X0(b).
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Curves for (a) azimuthal magnetic field By as a function of electron density ne at r =

Ao = 0.531 pum, and transverse radius rg

15X0 and for (b) azimuthal magnetic field By as a function of electron

70

temperature Te for different electron densities at Ig = 0.05 x 1018 VV/ch7 Ao = 0.531 pm, and ro = 15\¢.
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Fig. 6. Curves for (a) axial magnetic field B, as a function of electron density ne at r = 0 for different electron
temperatures, with using a circularly polarized Gaussian laser at intensity In = 0.05 x 10'® W/cm?, wavelength
Ao = 0.531 pm, and transverse radius rg = 15\ and for (b) axial magnetic field B, as a function of electron temperature

Te for different electron densities at Iy = 0.05 x 108 W/cm?, Ao = 0.531 um, and 79 = 15)\.

4. Conclusion

The quasistatic magnetic fields generated by a nonrelativistic intense linearly polarized (LP) and circularly
polarized (CP) laser pulses in an initially uniform underdense plasma in the collision-dominated limit are inves-
tigated analytically. A self-consistent analytical model is presented for the generation of quasistatic magnetic
fields in laser—plasma interaction. The exact analytical expressions for magnetic fields including both axial

component B, and the azimuthal one By are derived simultaneously from the analytical model.

We find that the axial magnetic field B, is generated only by circularly polarized laser. Both the linearly
polarized and the circularly polarized lasers can generate the azimuthal magnetic field By. The dependence
of the quasistatic magnetic field on laser intensity I and radial coordinate r at different transverse focused
radii are discussed. It is shown that the collisional absorption of the laser pulse induces a nonlinear anisotropy
in the electron pressure tensor, which acts as a large source of the quasistatic magnetic field. The magnetic
field components including both B, and By depend greatly on the electron—ion collision frequency v, which is
determined by the electron density n, and temperature T.

078701-6



Chin. Phys. B Vol. 19, No. 7 (2010) 078701

References

[10]

Mourou G and Umstadter D 1992 Phys. Fluids B 4 2315
Stamper J A, Dawson J M, Papadopoulos K, Sudan R N
Dean S O and Mclean E A 1971 Phys. Rev. Lett. 26 1012
Wilks S C, Kruer W L, Tabak M and Langdon A B 1992
Phys. Rev. Lett. 69 1383

Sudan R N 1993 Phys. Rev. Lett. 70 3075

Mora P and Pellat R 1981 Phys. Fluids 24 2219

Pukhov A and Meyer-ter-Vehn J 1996 Phys. Rev. Lett. 76
3975

Stamper J A, McLean E A and Ripin B H 1978 Phys. Reuv.
Lett. 40 1177

Tatarakis M, Gopal A, Watts I, Beg F N, Dangor A E,
Krushelnick K, Wagner U, Norreys P A, Clark E L, Zepf
M and Evans R G 2002 Phys. Plasmas 9 2244

Wagner U, Tatarakis M, Gopal A, Beg F N, Clark E L,
Dangor A E, Evans R G, Haines M G, Mangles S P D,
Norreys P A, Wei M S, Zepf M and Krushelnick K 2004
Phys. Rev. E 70 026401

Kim A, Tushentsov M, Anderson D and Lisak M 2002
Phys. Rev. Lett. 89 095003

(11]
(12]
(13]
14]
(15]

[16]

(17]
(18]

(19]

20]

(21]
(22]

078701-7

Berezhiani V I, Mahajan S M and Shatashvili N L. 1997
Phys. Rev. E 55 995

Tripathi V K and Liu C S 1994 Phys. Plasmas 1 990
Haines M G 1997 Phys. Rev. Lett. 78 254

Borghesi M, MacKinnon A J, Bell A R, Gaillard R and
Willi O 1998 Phys. Rev. Lett. 81 112

Sheng Z M and Meyer-ter-Vehn J 1996 Phys. Rev. E 54
1833

Bell A R, Davies J R and Guerin S M 1998 Phys. Rev. E
58 2471

Mason R J and Tabak M 1998 Phys. Rev. Lett. 80 524
Qiao B, Zhu S P, Zheng C Y and He X T 2005 Phys.
Plasmas 12 053104

Tabak M, Hammer J, Glinsky M E, Kruer W L, Wilks
S C, Woodworth J, Campbell E M and Perry M D 1994
Phys. Plasmas 1 1626

Pukhov A and Meyer-ter-Vehn J 1996 Phys. Rev. Lett. 76
3975

Tajima T and Dawson J M 1979 Phys. Rev. Lett. 43 267
Goldreich P and Julian W H 1969 Astrophys. J. 157 869



