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Generation of a quasi-static magnetic field by a circularly polarised
laser pulse due to tunnelling gas ionisation

.M. Gabdrakhmanov, V.Yu. Bychenkov

Abstract. We present a theoretical model of the quasi-static mag-
netic field generation in a laser channel, which is formed behind the
front of a short laser pulse that ionises a gas. The generation of a
magnetic field is caused by the appearance of the electron pressure
anisotropy during tunnelling ionisation of atoms. In the considered
case of subrelativistic laser light intensities, the generated magnetic
field can reach ~1 MG with an energy transformation ratio of
about 1%, which paves the way for identifying the proposed mecha-
nism when use is made of a wide class of ultrashort pulse lasers.

Keywords: quasi-static magnetic field, tunnelling gas ionisation,
subrelativistic intensity, ultrashort laser pulses.

1. Introduction

The generation of spontaneous magnetic fields in plasma has
been widely discussed for more than half a century for solar/
astrophysical plasma, laboratory plasma and laser thermo-
nuclear fusion (LTF) plasma. In this case, a whole range of
processes of self-generation and self-organisation of magnetic
structures in plasma is due to the electron pressure anisotropy
(temperature or energy distribution of electrons) on charac-
teristic scales — from astrophysical, for example, with mag-
netic reconnection [l], to microscopic, for example, in the
problem of the magnetostatic component of the field with
Coulomb charge screening [2]. The explanation of the gen-
eration of quasi-static magnetic fields in a plasma with
anisotropic pressure naturally follows from the tensor
nature of the total electron pressure, which is taken into
account, for example, in the vortex electron anisotropic
hydrodynamics (VEAH) model [3] and leads to a change in
the nature of the plasma thermal electromotive force (EMF).
It is the latter (neglecting the possible plasma anisotropy)
that was used to explain the mechanism of generation of
spontaneous magnetic fields in laser plasma at the very
beginning of research [4, 5].

The electron pressure anisotropy qualitatively changes the
source of a thermal EMF, for which, in contrast to the classi-
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cal case of isotropic pressure [5], the presence of crossed gra-
dients of temperature and plasma density is not required, as
shown in [6]. With regard to current experiments on laser-
plasma interaction for LTF, the electron pressure anisotropy
due to the inverse bremsstrahlung heating of laser-plasma
speckles is considered as a possible cause of the magnetic field
generation, which can lead to magnetisation of heat transfer
in a speckle [7]. The electron pressure anisotropy resulting
from ionisation of atoms by hard radiation is also an effective
quasi-stationary source of EMF, leading to the generation of
spontaneous magnetic fields [8, 9].

Along with the mechanisms of generation of a quasi-
static magnetic field by a source of an anisotropic EMF,
when its excitation is possible from a zero level, the elec-
tron pressure anisotropy of the plasma can lead to the
magnetic field generation, which is characterised by insta-
bility. This process is, in essence, analogous to the develop-
ment of the classical electromagnetic Weibel instability
[10]. An example is a laser plasma anisotropically heated
due to the inverse bremsstrahlung absorption of heating
radiation [11, 12], or and anisotropic plasma formed as a
result of the ionisation of atoms by a strong laser field
[13-16] or as a result of the photoeffect when a substance
is irradiated with X-rays [9, 17]. It has recently been dem-
onstrated that fast optical ionisation of a gas by intense
laser light is a good laboratory platform for studying
kinetic plasma instabilities arising from the anisotropy of
the electron energy distribution [18].

In this work, we develop a theoretical model for the gen-
eration of a magnetic field in a gaseous medium, which, due
to tunnelling ionisation, transforms into a transparent
plasma with an anisotropic electron energy distribution
behind the front of a propagating laser pulse of subrelativis-
tic intensity. The model in question substantially comple-
ments the concept of an anisotropic laser thermal EMF
mechanism of magnetic field generation, first formulated
more than 20 years ago [13], but still not developed. The
point is that the theoretical approach of [13], although mak-
ing it possible to estimate the rate of an increase in the mag-
netic field in the laser beam caustic, did not allow its steady-
state distribution and magnitude to be found. Here we
bridge this gap.

In Section 2, we present equations describing the genera-
tion of a magnetic field behind the front of a laser beam prop-
agating in a transparent medium; in Section 3, their solution
is given for the case of circular polarisation of light, which
establishes the excited field distribution and magnitude, mak-
ing it possible to estimate the coefficient of conversion of laser
energy into magnetic field energy. Section 4 summarises the
main conclusions of the work.
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2. Basic equations

We consider the ionisation of a gas medium by a laser pulse of
subrelativistic intensity, the quantum energy hw of which is
less than the ionisation energy U of an atom (the case of non-
linear ionisation), and the frequency w is less than the electron
tunnelling frequency w, ~ eEyv2mU , where E| is the laser
field amplitude; and e and m are the charge and mass of the
electron. Therefore,

€E0

vmU
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where vy = eEy/(mw) is the electron oscillation rate in the laser
wave field, and the Keldysh parameter is small, y = /o, =
VUI(mv%) < 1, which, as shown in [19], corresponds to the
case of tunnelling ionisation. Thus, here we restrict ourselves
to the range of laser radiation intensities / corresponding to
the condition vU/m < vg < ¢. For visible-range lasers, this
condition is fulfilled in the range from an intensity slightly
exceeding 10'® W cm to ~10'® W cm™, i.e., for sufficiently
compact and widespread laboratory laser systems.

Under conditions of tunnelling ionisation in the subrela-
tivistic limit of laser intensities, i.e., when the inequality
(vglc)* < 11s met, one can use approximate expressions for
the electron distribution function f(v). Depending on the
laser light polarisation, which is determined by the ellipticity
parameter «, it is represented in the form [13]:

f) < 6(v,)8(v.)exp[—mvi/(2T)), & = 0 (linear

polarisation),

f) o< 8(v.)6(v:+ v% —v3), a =1 (circular

polarisation),

(D

f) o< 5(v.)S(v2+ vi/oz2 — v exp[-m2/2T)],0<a <1
(elliptical polarisation)

Here the pulse propagates along the z axis and is polarised
along the x axis. It is seen that in the case of elliptical polarisa-
tion, the tendency of & to zero or to unity ensures the transi-
tion to the cases of linear and circular polarisations, respec-
tively. In the case of circular polarisation, the electrons
formed during tunnelling ionisation are ejected in the trans-
verse direction (with respect to the pulse propagation direc-
tion) with an energy equal to the oscillator energy in the laser
field, mv%/2. The value T << mw%/2 introduced in (1) deter-
mines the thermal spread of electrons.

Let us now turn to the hydrodynamic description of a rar-
efied plasma, which arises as a result of ionisation of a gas by
a laser pulse propagating in it, taking into account the aniso-
tropic energy distribution of electrons during such photoioni-
sation. Being interested in electrons of multikvolt energies, we
neglect their collisions and write the standard (linear) equa-
tion for the electron current density J in the form of the gen-
eralized Ohm’s law in a collisionless plasma:

2
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Here w), is the plasma frequency of electrons (w7 = 4me’nim,
where 7 is the density of electrons), and the components of the
electron pressure tensor P are expressed through the electron
distribution function (1): P; = m'[d3vv,-v,- f).

Equation (2) is used to close Maxwell’s equations,
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which are transformed into the system of two equations
0’E 2 2 4Ame o p
Py + T [VX[VXE] + wpE = 7VP, 4
10B _
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This system completely describes the generation of an electro-
magnetic field under the action of a source due to the electron
pressure anisotropy. The right side of equation (4) is the
source of the anisotropic EMF. In the case P; = P6; = nT
(isotropic source), the system of Eqns (4) and (5) gives the
well-known expression for the generation rate of the quasi-
static (6%/0f%, ¢*V? << w}) magnetic field B = (clen)[Vn x T1,
for example, in the LTF plasma.

Unlike the quasi-stationary case, we are interested in the
rapid excitation of the magnetic field, when the characteristic
time of the source change and the time /¢, where / is its char-
acteristic spatial scale (for example, the laser beam radius),
turn out to be less than the inverse plasma period ~w,'.
Then, neglecting the term proportional to the plasma fre-
quency w,, in Eqn (4), we obtain the equation for the genera-
tion of a magnetic field with a source caused by the electron
pressure anisotropy:

0 (628 _ (,’2 (6)
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Equation (6) is essentially similar to the equation describing the
generation of a magnetic field in a vacuum by a given current.

3. Generation of a magnetic field by a circularly
polarised laser pulse during tunnelling ionisation
of a medium

Let us consider the obtained equation (6) in the case of gas
ionisation by circularly polarised laser light in the laser beam
caustic (waist) region, which has an approximately cylindrical
shape. In this case, behind the front of the ionising pulse, an
anisotropic cylindrical plasma is formed, in which the compo-
nents of the electron pressure tensor have the form

P!/:Pl(ay—l(f[lcj) +P||IC,-IC/~. (7)
Here Py=nTj and P, = nT, are the characteristic electron
energy (pressure) densities along and across the laser pulse
propagation direction; k is the unit vector directed along the
ionising laser pulse propagation; and
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are the average energies of electrons (temperatures), respec-
tively, along and across the laser pulse propagation direction.

With circular polarisation, the problem is axially symmet-
ric and can be described quite simply using cylindrical coordi-
nates (r,¢, z), where the z axis corresponds to the direction of
laser pulse propagation and 0/0¢ = 0. In this case, for the
source on the right-hand side of equation (6) we have the
expression

_ az(PH_ P).

rot(VP) = |0; FIRER

01, )

directly due to the presence of anisotropy of the electron
energy distribution, P = P,.

The difference from zero only in the azimuthal compo-
nent of the source causes the generation of a one-component
magnetic field B ={0, B,,0}. According to (9), from (6) we
obtain the equation for it:
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where B = B,,. Taking into account that the energy gained by
the electron during tunnelling ionisation is much higher than
the gas temperature, 7,/T} ~ mug!T >>1 [the latter is gener-
ally neglected in approximate formula (1)], we rewrite equa-
tion (10) in the form
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We emphasise that we restrict ourselves to studying the gen-
eration of a magnetic field only in the region of a laser caustic
with a length of the order of the Rayleigh one, where the
interaction with the medium turns out to be the strongest and
the magnetic field is expected to be maximum. In addition,
our model is also applicable for such a self-focusing regime as
the trapping of laser light, in which a laser pulse propagates in
a channel of virtually constant radius over a distance signifi-
cantly exceeding the Rayleigh length (cf. [20, 21]).

We neglect the difference between the propagation veloc-
ity of a laser pulse and the speed of light ¢ in a low-density
medium and its losses (depletion of the pulse along the caustic
length), and also take into account that the source (right-

hand side) in Eqn (11) is a function of the variables & = z — ¢t
and r. Then equation (11) takes a simple form,

0010 __4meO°P(r.)
OE Or r or rB(r,€) == otor (12)
and easily integrates:
B =R [ arr n0o), (13)
me-TJo

where P, (r,£) = n(r,E)T, (r,£). Here the effective electron
temperature is directly proportional to the laser radiation
intensity I:

= 1.85x 107942

2
Ti(r.8) = "5*

X[U(r,E)n(&) + Io(rn(=E)]. (14)

In expression (14), the temperature is expressed in keV; 7(&) is
the Heaviside function of a single jump, and for definiteness it
is assumed that the maximum laser pulse intensity Iy(r) cor-
responds to £ = 0; and A is the wavelength of laser light in
microns, and its intensity is measured in W cm™.

In the case of circular polarisation, the probability of tun-
nelling ionisation per unit time of atoms and ions, which is
also determined by the laser pulse intensity [22], has the form

2y &) on*
W= W, Ey (M) exp( (15)

27°E,
8nZE,\ (n")*E, ’

3K,

where n" = ZyUylU is the effective principal quantum num-
ber of the electron; Z is the charge number of the atomic
(ionic) core; w, = me*/h* is the atomic frequency; Uy is the
ionisation energy of the hydrogen atom; E, = m*e’/h* is the
characteristic value of the nuclear field in the region of the
electron orbit; and ¢’ is the base of the natural logarithm.
Table 1 gives estimates of the probability of tunnelling from
certain atomic levels (corresponding to the index at U) for
atoms of widely used gases in the intensity range from 5 x 10'°
to 5x 10'7 W cm in the case of radiation from a Ti:sapphire
laser (A = 0.8 um). Dashes in Table 1 denote the ionisation

Table 1. Estimation of the dimensionless ionisation probability w/w, by formula (15).

Tonisation Intensity I,/W cm™2
Atom
energy/eV 5% 1016 7.5%10!6 1.0x 10" 2.5%10"7 5.0x 107
U, = 24.587 - - - - -
He
U, = 54418 0.325 0.844 - - -
Us =97.8902 0.13798 - - - -
N U, = 552.08 0 0 0 0 0
Uy =97.12 0.0106 0.112 0.434 - -
Us=126.21 715% 10°5 0.00268 0.0221 - -
Ne Ug=157.93 751 x10°8 1.37%x 107 0.000289 0.301 -
U, =207.276 5.72x 10714 1.84 x 10710 2.14% 1078 0.00128 0.24
Ug = 239.099 0 0 4.52 % 10711 4.46 % 1075 0.03
Ar U, =124.323 0.0222 0.580 - - -
Uy = 143.460 0.00100 0.0636 0.692 - -
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saturation from the indicated level (w/w, > 1), and zero means
a dimensionless probability less than 10~!!. Let us find the
electron density after the passage of the laser pulse by using
the values of the obtained ionisation probabilities. Usually,
the tunnelling of several electrons is taken into account as a
sequential (cascade) process, since at high intensities it pre-
vails over simultaneous tunnelling [22]. Accordingly, the fol-
lowing system of ordinary differential equations arises to
describe the appearance of free electrons during tunnelling
ionisation:

) — () - m) 2,

92E) — [y - m(en 2, (16)

ey

where n; and w; (i = 1,2,...) are the partial densities of free
electrons and the corresponding ionisation probabilities asso-
ciated with the ionisation of an atom to charge +i; and n, is
the density of atoms.

For the above considered examples from Table 1, the
average ionisation rate n/n, of atoms calculated for the same
range of intensities, which is achieved after the passage of the
maximum of a laser pulse with a duration 7 = 30 and 60 fs, is
given by the values presented in Table 2. Note that, according
to this table, doubling the duration of the laser pulse almost
does not increase the electron density of the plasma at a given
intensity, i.e., to achieve a certain density, it is not rational to
increase the pulse duration.

By numerically solving the system of equations (16), it is
possible to obtain the longitudinal profile of the electron den-
sity shown in Fig. 1 for the Ne gas. In this case, we consider a
laser pulse with an intensity I, = 5 x 1017 W cm™, durationt =
30 fs, and an intensity distribution of the form I(r,&) =
Iycos?[né/(ct)]exp(—r*rd). It is seen that at virtually any dis-
tance from the beam axis, the electron density is saturated
immediately behind the maximum of the ionising pulse.
According to Table 2, a Ti:sapphire laser pulse with an inten-
sity of 5x 107 W ecm~2 and a duration of 30 fs, propagating in
an Ne gas under normal conditions, produces an electron
density n = 0.09n,, which satisfies the condition of applicabil-
ity of the developed theory n << n,, where n, is the critical
density.

From the distribution of the electron density using expres-
sion (14) for the transverse temperature, the transverse elec-
tron pressure P, is found, which is the source during the mag-

nin,

0k

1 1
-0.4 -0.2

Figure 1. Dependences of the density of free electrons on & at various
distances from the z axis for Ne atoms.

netic field generation [see (12)]. This is illustrated in Fig. 2,
which shows the longitudinal distribution of the dimension-
less transverse pressure p = P, (r,&)/(ymn,c*ag), where ay =
[2I,/(mn.c?)]Y? is the standard dimensionless laser field
amplitude.

1.00

0.50

- —

0.25F

0.I4 El(cT)

Figure 2. Dimensionless electron pressure p as a function of £ in an io-
nising gas Ne at different distances from the z axis.

The electron pressure distribution has a rather smooth
form with saturation near the maximum of the laser pulse
intensity. This allows us to propose a simple analytical
approximation to be used in expression (13) for the magnetic
field:

Prd) = nexo(- ) £(Z)
ro

cT

where () >~ 1 forn < 0 and f() - 0 forn >>1, and

2
wp Iy

Polyzc.

Table 2. Estimation of the average degree of ionisation n/n, for some atoms.

Intensity I,/W cm™2

Atom T/fS
5% 1016 7.5% 1016 1.0x 1017 2.5% 1017 5.0 % 1017

e 30 2.00 2.00 2.00 2.00 2.00
60 2.00 2.00 2.00 2.00 2.00
N 30 5.00 5.00 5.00 5.00 5.00
60 5.00 5.00 5.00 5.00 5.00
N 30 4.08 4.96 5.29 6.79 8.00
¢ 60 4.16 5.02 5.50 6.96 8.00
A 30 7.70 8.00 8.00 8.00 8.00
60 7.91 8.00 8.00 8.00 8.00
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In this relation, the electron plasma frequency is determined
by the electron density attained at the peak intensity of the
laser pulse. In this case, we consider rather short laser pulses,
the duration of which is less than the length of the caustic.

Then, according to (13), we have the following distribu-
tion of the generated magnetic field:

2
B8 = 2 B 81— xp - r’;)]f(é). (a7

Figure 3 illustrates the spatial (r,z) distribution of the gener-
ated magnetic field behind the leading edge of the laser pulse
in comparison with the electron pressure distribution. Thus,
the maximum value of the magnetic field (17) generated by a
laser pulse during tunnelling ionisation of the medium is as
follows:

By =m0, (18)
n.mc

where n, >>n. Taking into account the condition of applica-
bility of our theory, o, < c/ry, we can estimate the maximum
possible value of the magnetic field:

(19)

In accordance with formulae (18) and (19), it is possible to
introduce the conversion factors K, and K, of the laser
light energy into the magnetic field energy,

Bi/8m _ n_zn_zr_ozag
"OEAn T 8 p2
20
C _BlJSn_ain (20)
™ TEgln 327

through the standard dimensionless laser field amplitude a,,
with n << n.

BIB,
a | Bos76
0.432
0.288
0.144
- 0
0.5 El(ct)
. P/P
rlrg b 0.88
4
\ 0.66
5 0.44
. 0.22
90 ~0.5 0 05 & °

Figure 3. Spatial distributions of (a) the magnetic field and (b) the elec-
tron pressure as functions of r and &.

For radiation from a Ti:sapphire laser with an intensity
of Iy =5x10"7 W cm2, when the gas is ionised to a density of
n = 0.09n,, the magnetic field, according to (19), can reach
~1 MG. It should also be noted that the transformation ratio
is quite large (20 and can reach about 1%.

4. Conclusions

We have investigated the mechanism of generation of a spon-
taneous magnetic field due to the anisotropy of the electron
distribution in a low-density plasma, which is formed as a
result of tunnelling ionisation of a gas medium by a propagat-
ing circularly polarised laser pulse of subrelativistic intensity.
Without pretending to fully describe the appearance of a
magnetic field along the entire path of laser pulse propaga-
tion, we proposed a theoretical model of its excitation in the
caustic region, where the generated magnetic field is maxi-
mum and it occupies the volume of a cylinder with a length of
the order of the Rayleigh length and a diameter approxi-
mately equal to the waist diameter. At the same time, this
model is also applicable in the case of self-focusing of laser
light. Accordingly, a magnetic field arises in an extended
plasma channel behind the leading edge of the laser pulse. In
the considered case of nonrelativistic laser intensities, the
magnetic field has only an azimuthal component caused by an
ionisation thermoelectric source, similar to a dc current. The
magnetic field is maximal at the channel edge and can reach
~1 MG. A sufficiently high conversion rate, up to 1%, indi-
cates a high efficiency of the considered mechanism of the
laser anisotropic thermal EMF.

We have not touched here upon the issues of the possible
role of electron collisions in the generation of the magnetic
field and of the evolution of the magnetic field at long times,
when relaxation dissipative processes take place in the pro-
duced plasma. Here we have considered the collisionless case,
which has a wide range of applicability at densities lower than
the critical one and at the studied intensity range correspond-
ing to the tunnelling regime of ionisation. However, in order
to formalise the corresponding condition for the applicability
of our theory, we can explicitly state the conditions of the col-
lisionless approximation used (in terms of the electron colli-
sion frequency v, and the electron mean free path 4.), which
have the form v, <<z, 1, >> R, or, which is the same, in a
practically convenient form: 3 x 10 2(A/ag)nr << 1, 1028 x
(AlagnR << 1, respectively, where A is the Coulomb loga-
rithm; and 7 is measured in cm =, 7 —in ps, and R — in microns.
In this case, the lifetime of a large-amplitude magnetic field
behind the pulse, determined by the characteristic time of
magnetic diffusion, is 1 ~ R%w3/(c*v,) >> t(Rw,/c)>. For
Ti:sapphire laser radiation of femto- and picosecond dura-
tion with an intensity of 7, =5 x 107 W cm™ and R = 10 um,
this time is ~100 pus.

In our theory, we also neglected the ponderomotive dis-
placement of electrons from the beam axis, which is possible
in principle. However, for the considered case of nonrelativ-
istic intensity (ag < 1) and for a not quite low density, which
are only of practical interest, the effect of ponderomotive
displacement is insignificant. Indeed, the ponderomotive
displacement of electrons is described by the force [y, ~
mec2adl(2R), which leads to a violation of the quasi-neutrality
of the plasma, due to which the emerging Coulomb field self-
consistently prevents such a displacement. Estimating the
corresponding equilibrium-restoring Coulomb force Fc =
eEc ~ 2men, R, from the condition F},,, << F¢ we come to the
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following condition of applicability of our model: n/n, >>
ad (R2w?), which is easily fulfilled by virtue of ¢ << 1 and
A(R*w?) = 0.025(A/R)* ~ 1.

This investigation can serve as a starting point for con-
tinuing a detailed study of the proposed mechanism of mag-
netic field generation. In further studies, it is of interest to go
over to higher laser intensities, @ > 1, and higher densities,
n ~ n.. A study of the generation of a magnetic field by a lin-
early polarised laser pulse, similar to that carried out here, is
also relevant. Finally, we note one more problem that devel-
ops this study. Here we have considered the generation of a
magnetic field, neglecting the change in the laser pulse during
its propagation in the medium. We examined the excitation of
a quasi-static magnetic field behind the laser pulse, while tak-
ing into account the dynamics of the pulse change (its defor-
mation, depletion, focusing/defocusing, etc.), it is possible to
generate a low-frequency electromagnetic field in the form of
output radiation (compare with [9]), most likely in the tera-
hertz range. This is due to the nonstationarity of the source of
the anisotropic laser-initiated thermal EMF, which has not
yet been taken into account. Undoubtedly, the generation of
terahertz radiation due to this mechanism of tunnelling ioni-
sation of a medium by a laser field is of interest for future
research.
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