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Generation of an Axial Magnetic Field from Photon Spin

M. G. Haines
Blackett Laboratory, Imperial College, London SW7 2BW, England

(Received 29 May 2001; published 11 September 2001)

In circularly polarized light the spins of the photons are aligned. When a short intense pulse of
circularly polarized laser light is absorbed by a plasma, a torque is delivered initially to the electron
species, resulting primarily in an opposing torque from an induced azimuthal electric field. This electric
field, in general, has a curl and leads to the generation of an axial magnetic field. It also is the main means
for transferring angular momentum to the ions. The time-dependent magnetic field has a magnitude
proportional to the transverse gradient of the absorbed intensity but inversely proportional to the electron
density, in contrast to earlier theories of the inverse Faraday effect.
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Photons have spin h̄, and in circularly polarized light
these spins are aligned, so that a beam of intensity of finite
radius has an angular momentum. The light beam can be
represented as a number density ny of photons of energy
h̄v moving in the z direction with the speed of light c.
Thus, in vacuum, the intensity I is simply nyh̄vc, while
the spin density is 6ny h̄ or 6I��vc� for right-hand (1)
and left-hand (2) polarization and is independent of the
energy of each photon. The local density of angular mo-
mentum is related to spin density in an analogous way as
diamagnetic velocity is related to the density of magnetic
moments. Thus, for a quasiaxisymmetric beam of circu-
larly polarized light, the mean axial component of angular
momentum Mz is given by
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and is usually concentrated near the edge of the beam. The
total angular momentum of the beam represents the total
spin, however, as can be seen from the integral,Z r0
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where I is 0 at r $ r0, the beam radius.
The angular momentum of light is discussed by Heitler

[1], and he makes reference to a measurement by Beth
[2] of the mechanical angular momentum transferred to a
screen that absorbs circularly polarized light. In a recent
article, Padgett and Allen [3] distinguish further between
orbital angular momentum associated with helical wave
fronts and photon spin, but this effect will not be included
in this paper.

When the absorbing medium is a plasma, the angular
momentum of the absorbed photons is transferred primar-
ily to the electron species, i.e., the electrons experience
a torque. If this were simply translated into a change of
angular momentum of the electrons, it would constitute a
very large azimuthal current and associated axial magnetic
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field. The resulting induced azimuthal electric field Eu op-
posing this generation of magnetic field would, however,
especially in the typical case considered here of a short-
(�1 ps) laser pulse of intensity .1018 W cm22 propagat-
ing through an underdense plasma, be a much larger term.
Indeed, to a good approximation, the torque from the ab-
sorbed laser light is instead largely balanced by an equal
and opposite torque associated with Eu , and the inertia of
the electrons plays only a small role. There is a reversed
torque by Eu on the ion species, and it is through this and
collisions with electrons that the ions also acquire angular
momentum, which after the laser pulse is over will repre-
sent most of the absorbed angular momentum.

The equation for the mean rate of change of angular mo-
mentum of the electrons per unit volume can be written as

nemer
dyeu

dt
� 2neerEu 2 neer�yezBr 2 yerBz�

1
aabMzc

L
2 nemenei ryeu , (3)

where aab is the fraction of the laser intensity absorbed
over an axial distance L; ne, ye, and nei are the electron
number density, velocity, and collision frequency with the
ions, and Mz is the density of angular momentum in the z
direction averaged over a wavelength. The magnetic field
terms are not important in the early stage. It will be verified
later that the inertial and collisional terms are small so that
Eq. (3) is essentially

rEu � 2
aabr

neevL
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, (4)

while Faraday’s law gives
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Thus, the axial magnetic field Bz can be expressed as

Bz � 2
2

vLer2
0

Z aabI0

ne
dt , (6)

assuming that Bz is uniform within the beam radius, i.e.,
I is I0�1 2 r2�r2

0 �, a parabolic intensity profile.
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The inverse dependence of Bz on ne should be noted, as
this contrasts with earlier theories of the inverse Faraday
effect. This will be discussed later. Of course as ne goes to
zero, aab also tends to zero faster and there is no singular-
ity. Of interest in this formula is that, if this axial magnetic
field is measured by Faraday rotation of a probing laser
beam, the angle of rotation is proportional to neBL, which
is a direct factor of Eq. (6). An experimental measurement
should therefore be quite robust provided the absorption
is measured. In Najmudin et al. [4], a straightforward
substitution of the experimental parameters t � 10212 s,
I0 � 7.3 3 1022 W�m2, r0 � 1025 m, v � 1.79 3

1015 s21, ne � 2.1 3 1025 m23, L � 1023 m and as-
suming aab � 1 gives Bz � 240 T (2.4 MG) compared
to the experimental measurement for this density of 4 MG.
However, the laser power of 2.2 3 1013 W greatly ex-
ceeds that for self-focusing [5,6]. This effect will increase
the intensity I and reduce the beam radius r0, leading to a
very sensitive increase in Bz in Eq. (6). Indeed the critical
value of laser power for self-focusing, calculated assuming
only weak relativistic effects, is 8.5 3 1011 W compared
to the laser power of 2 3 1013 W in the experiment. A
radial expansion of the heated plasma in the focal spot of
the laser will also occur, lowering the electron density.
This can be estimated as follows, assuming that the elec-
tron pressure in the focal spot increases as 2

3 aabIt�L.
The ions as well as the electrons will have time to expand
radially as can be seen from integrating
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to give the time for cavitation tc,
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which for Z � 2, mI � 4mp (helium), and the above pa-
rameters gives 10212 s. Ponderomotive forces will also
cause plasma expansion and later also the axial magnetic
field pressure itself. There could also be a pinching azi-
muthal magnetic field set up by absorption of photon mo-
mentum and ponderomotive forces, not considered here.
That quasineutrality is a good approximation (i.e., elec-
tron cavitation with no ion motion is a poor assumption on
these time scales) can be shown by calculating dn�n �
´0T��er2

0 ne� for an electron temperature Te of 1 MeV and
r0 and ne as above. Then dn�n is 0.03. The other assump-
tions in the model, namely, that the electron inertia and col-
lisions are small, can be tested by comparing their values
to the source term in Eq. (3); their relative values are 0.03
and 5 3 1028, respectively, the latter for a classical colli-
sion frequency at Te � 1 MeV. If an anomalous collision
frequency is triggered, this argument may be modified.

Generally, there is reasonable agreement within the un-
certainties of the experiment and the simplifications of the
model. Of importance is the trend for higher magnetic
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fields at higher intensities and lower electron densities,
which is seen in the experiment.

It should be noted that, though the photon spin is h̄,
the angular momentum density in the circular polarized
laser beam is 2

1
2r≠I�≠r�vc and is a classical expression,

which should be described by the electric and magnetic
fields of a laser beam propagating in vacuo. It is instructive
to consider first a plane-polarized beam of circular cross
section pr2

0 . If the electromagnetic wave is represented
solely by

Ex � E0�r� cos�vt 2 kz� , (9)

By � B0�r� cos�vt 2 kz� , (10)

with these fields shown in Fig. 1, there is an obvious prob-
lem of how to satisfy = ? B � 0 and = ? E � 0 for fields
that appear to originate and end at the edges of the beam.
It is clear that axial components of both fields of the form
and magnitude,

Ez � 7
E0

kr0
sin�vt 2 kz�, x . 0�x , 0 , (11)

Bz � 7
B0

kr0
sin�vt 2 kz�, x . 0�x , 0 , (12)

must exist to satisfy ≠Ex�≠x � 2≠Ez�≠z and ≠Bx�≠x �
2≠Bz�≠z. At the same time, Faraday’s and Ampere’s
laws ≠Ex�≠y � ≠Bz�≠t and ≠By�≠x � m0´0≠Ez�≠t are
satisfied with this ordering, the precise functional form
depending on the beam profile. The field lines are thus
propagating as closed loops as illustrated in Fig. 2.

When a second but orthogonal plane-polarized wave,
90± out of phase, is added, with fields

Ey � E0�r� sin�vt 2 kz� , (13)

Bx � 2B0�r� sin�vt 2 kz� , (14)

together with axial fields,

Ez � 6
E0

kr0
cos�vt 2 kz�, y . 0�y , 0 , (15)

Bz � 7
B0

kr0
cos�vt 2 kz�, y . 0�y , 0 , (16)

a rotating component of the Poynting vector is obtained.
This is because the Ez field of the first plane wave given
by Eq. (11) is exactly in phase with the Bx field [Eq. (14)]
of the second wave, and leads to a 6y component of the
Poynting vector above and below the y axis, respectively.
Similarly, there is a contribution in the 6x direction to the

FIG. 1. Electric and magnetic fields in the cross-sectional
plane for a plane-polarized wave.
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FIG. 2. Electric field in the x-z plane for a plane-polarized
wave.

left and the right of the x axis as shown in Fig. 3 at t � 0,
kz � p�2. Similar arguments can be made at t � 0,
z � 0 for the axial components of the second wave in-
teracting with the transverse components of the first wave.
In total, there is a local density of angular momentum [7]
M given by

r 3 p � ´0r 3 �E 3 B�
� ´0��r ? B�E 2 �r ? E�B� � M , (17)

the component of interest being axial.
We thus find that the mean azimuthal component of the

Poynting vector is �I��kr0� or rather 2
1
2≠I�≠r�k, and the

mean angular momentum density Mz is 2
1
2r≠I�≠r�vc

as stated earlier. There is thus complete equivalence be-
tween the photon spin picture and classical fields provided
the longitudinal field components are included. We note
in Fig. 3 that there is a rotating quadrupole structure in
the x-y plane. It is through the absorption of this angular
Poynting flux, rather analogous to the ponderomotive force
in the longitudinal direction, that electrons and ions ac-
quire a torque. (Reflection of circularly polarized light
leads to no deposition of angular momentum but, in con-
trast, doubles the axial linear momentum deposited.)

The theory of axial magnetic field generation result-
ing in Eq. (6) contrasts markedly with existing theories
of the inverse Faraday effect. The earliest theories, e.g.,
Deschamps et al. [8] and Steiger and Woods [9], noted
that the quiver trajectory of electrons in a circularly polar-
ized laser light are circles, each of radius eE0�mev2, and
claimed that therefore these lead to a magnetization per
unit volume My given by

My � 2
nee3E2

0

2m2
ev3 ẑ , (18)

the magnetization current density being = 3 My. Asso-
ciated with this, it is further postulated there is an axial
magnetic field B in the 2z direction for right-hand circu-
larly polarized light propagating in the 1z direction, and
FIG. 3. The beam cross section at t � 0, kz � p�2 for (a) beam 1, (b) beam 2, and (c) the combined azimuthal Poynting flux.
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is given by
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where a is eEo��mevc�. Note that in this formula the
magnetic field is instantly on (or off) with the laser field
(i.e., the Eu field is ignored) and is proportional to ne

(through v2
p) in contrast to Eq. (6).

This formula was modified by Sheng and Meyer-ter-
Vehn [10] to include the inhomogeneity of both the elec-
tron density and the laser beam together with the change in
dispersion arising from the existence of the axial magnetic
field. Another variation was found by Bychenkov, Demin,
and Tikhonchuk [11] for a laser beam of short length.
Lehner [12,13] added in another magnetic field source due
to the ponderomotive force proportional to =�E2� or =g

and assumed that a conduction electron current is free to
move in this direction. (Presumably, such a force would be
in the axial and radial directions in this model and would
lead rather to an azimuthal component of magnetic field.)
Gorbunov and Ramazashvili [14] assume in the individual
electron motion that the canonical angular momentum is
conserved (which essentially requires azimuthal symme-
try), and, expanding in powers of the normalized quiver
momentum, impose the constraint that this parameter has a
zero divergence. As a result, an axial magnetic field arises
only in the second order and is proportional to n1�2I2 in
contrast to Eq. (19). Horovitz et al. [15] compare their ex-
perimental measurements with the formula in Ref. [10]
and find that their results are a factor of 50 higher; in a later
paper [16] with a wider range of intensity, better agreement
was found using Lehner’s model [12] where the magnetic
field scales as n1�2I1�2. At intensities above 1013 W cm22,
the experiment gave higher values than this theory. The an-
gular momentum of the light was considered [15] but the
authors assumed that the electrons acquired a fraction of
the instantaneous angular momentum density in the beam,
regardless of whether there is absorption, and by compari-
son with the formula in Ref. [10] determined this fraction.

Berezhiani et al. [17] criticize the earlier works (e.g.,
Refs. [9,11]) and develop a theory involving conservation
of canonical angular momentum (i.e., assuming azimuthal
symmetry) but including the development of parallel or
135005-3
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axial electric fields. Even though these are small, they
find a significant reduction in the generated magnetic field
which now has a value independent of the electron density.

The main inconsistency in these papers is to consider
that the circular orbits of electrons produce an axial mag-
netic field. Aside from the complications of parallel field
components at the edge of the laser beam, the orbits merely
arise from a linear superposition of two plane-polarized
beams 90± out of phase. Each beam satisfies Maxwell’s
equations in the plasma with no axial magnetic field being
generated. It is incorrect to use the currents associated with
the quiver velocity twice. Besides, at any instant in time
in any x-y cross section, the electrons’ quiver velocity is
unidirectional and not circulating. Similarly, the integralH

E ? dl in the x-y plane within the region of uniform in-
tensity is zero at any instant.

In addition, the previous theories neglect the induced Eu

azimuthal electric field which would oppose the instanta-
neous creation or decay of the axial magnetic field. Even
without this, the postulated circulatory currents would
cancel everywhere except at the edge of the beam (for a
uniform case), rather like diamagnetism. But, as has been
shown, the physics is indeed in the edge of the beam, but
due instead to a rotating Poynting flux associated with a
rotating quadrupole structure of fields involving parallel
components.

In conclusion, a mechanism has been found to generate
an axial magnetic field through the deposition of the spin
of the photons during the absorption of circularly polarized
light [18]. Fields in the megagauss range can be obtained
with intense short-pulse laser beams (�1019 W cm22) as
has been found experimentally. The model is being further
developed to include the diffusion of this magnetic field
and its saturation, not least by plasma expansion (cavita-
tion) from the heated region and ponderomotive forces.

I acknowledge useful discussions with Kark Krushel-
nick, Bucker Dangor, Zulf Najmudin, and Matt Zepf.
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