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On the possibility of observing polarisation

of vacuum in a magnetic field

V.1. Denisov, N.V. Kravtsov, 1.V. Krivchenkov

Abstract. The possibility of detecting birefringence induced
by a magnetic field in vacuum is analysed. It is shown that the
state of the art of the laser measuring technique allows one to
hope for setting up successful experiments.
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The nonlinear electrodynamics of vacuum [1] has been
treated for a long time as an abstract theoretical model.
However the state of the art of laser technique opens up the
way to set up the experiments for the discovery of effects
predicted by nonlinear electrodynamics.

A number of various experiments aimed at the discovery
and study of the effects of nonlinear electrodynamics have
been already discussed in the literature [2— 11]. The polari-
sation of vacuum in a strong magnetic field is one of the
interesting effects predicted by nonlinear electrodynamics
[12]. Although the nonlinear corrections to Maxwell’s
equations in electric and magnetic fields achievable in
terrestrial laboratories are very small and it is very difficult
to observe the effects produced by them, nevertheless the
modern level of the laser measuring technique allows one to
hope to discover these effects.

As shown in Ref. [1], the first two terms in the expansion
of the nonlinear Lagrangian of the electromagnetic field in
vacuum in small parameters (B*> — E?)/B¢ and (BE)/Bj
have in the Gaussian system of units the form
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(B> —E*) + (B> — E*)* + 7(BE)’], (1)

where By = m*c®/eh = 4.41 x 10" G; o = e /he ~ 1/137 is
the fine structure constant; e is the electron charge; m is the
electron mass; and ¢ is the speed of light.

The equations of the electromagnetic field in nonlinear
electrodynamics, obtained from this Lagrangian, are similar
to the equations of macroscopic electrodynamics
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However, the equations relating the vectors D and H
with the vectors B and E differ from the equations of linear
electrodynamics and have the form
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One can see that equations (3) are nonlinear, i.e., the
principle of superposition for electromagnetic fields is
violated. As a result, the polarisation of vacuum is possible.
In the pseudo-Riemannian space with the metric tensor gi¥,
a weak electromagnetic wave E,, propagates along the
geodesic lines of some efficient pseudo-Riemannian space —
time [13, 14], whose metric tensor g™ depends on the
polarisation of this wave, the metric tensor g¢* of the initial
space —time, and on the tensor Fj of the external electro-
magnetic field [15]. The expression for g has the form
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for a slow normal mode (when the polarisation plane of the
wave E||B) and
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g =gl +
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for the normal (fast) mode orthogonal to the slow mode (if
ElasJ—B)

Let us assume that the linearly polarised light wave Ej,
(E\.s||H) with the wave vector k is propagating through a
region with the characteristic size L in a strong homoge-
neous magnetic field, and B||z and kLB. In this case, the
electromagnetic wave acquires an additional path difference
with respect to the wave propagated along the same path in
the absence of the magnetic field [16]:

 7aB’L
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(6)

It is assumed here that the amplitudes of external fields are
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much greater than the amplitude of the laser radiation field,
while the frequencies of external fields are much smaller
than the light-wave frequency.

Let us estimate the value of AL. It is rather difficult to
produce superstrong stationary magnetic fields in a rela-
tively large volume with the characteristic size of the order
of a few centimetres. Nevertheless, a magnetic field of the
order of 3 x 10> G can be produced in the region with a
linear size of 5 cm [17]. By substituting these values into (6),
we find AL ~ 0.9 x 107" cm.

The direct measurement of such low values is quite
problematic. However, the situation can be drastically
changed if we use the method applied for detecting gravita-
tional waves in the LIGO project [18]. This method is based
on a multiple increase in the path difference of probe waves
in a two-beam Michelson interferometer included into high-
Q Fabry—Perot interferometers. In this case, the sensitivity
of the measuring scheme increases by a factor of 2NV, where

n(xR)"
N=—— Wk (N
1 —14 is the losses in the interferometer and R is the
effective reflection coefficient of the interferometer mirrors.
The same method can be used for detecting the
birefringence of vacuum. The principle scheme of the
experiment is shown in Fig. 1. Linearly polarised radiation
from a highly stable single-frequency laser is directed to the
Michelson interferometer, with two high-Q Fabry—Perot
interferometers of length L, placed in its arms. Inside one of
the interferometers, a strong magnetic field is produced,
whose direction coincides with the polarisation vector of the
light-wave field. The high Q factor of the interferometers
provides the 2N-fold propagation of the light wave through
the interferometer base. As a result, the path difference
between the two light beams increases by a factor of 2N.
Let us estimate the possibility of measuring such low
values using the detection system developed for the LIGO
project. It is known that a laser —interferometric detector of
gravitational waves has been already built in the USA [18].
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Figure 1. Principal scheme of the experiment: (/—3) Michelson inter-
ferometer mirrors; (4) beamsplitter; (5) laser; (6) photodetector; (7)
vacuum chamber; (8) region where a magnetic field is produced; (7, 9
and 2, /0) mirrors forming Fabry—Perot interferometers.

It consists of a Michelson interferometer with high-Q
Fabry—Perot interferometers in each of its arms. Laser
radiation in these interferometers propagates in tubes
evacuated down to 10~° Torr. This device is capable already
at present of detecting the optical path difference
AL=12x10"cm for N=30. It is anticipated that
the sensitivity will be further increased by more than two
orders of magnitude in the near future [18] by using high-
quality dielectric mirrors. The possibility of fabricating
interference coatings with the reflectivity R ~ 0.99999 was
demonstrated in Ref. [19], which means that an interfer-
ometer with N ~2 x 10° can be built.

In our case (detection of the birefringence of vacuum),
the path difference between the two light beams produced at
the output of the Michelson interferometer is
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By using the values of parameters in this expression
presented above, we obtain AL ~ 2 x 10~ cm. This means
that we can hope to detect the birefringence of vacuum in a
magnetic field.

The experiment on the detection of the birefringence of
vacuum has an advantage over the experiment on the
detection of gravitational waves because the modulation
method can be used in the former case. To detect the
nonlinear polarisation of vacuum reliably, the detected
signal is modulated at the known frequency. This can be
accomplished in several ways. First of all, a magnet can be
periodically displaced at the frequency ~ 0.1 Hz with the
amplitude of a few centimetres. A higher-frequency modu-
lation can be achieved by rotating the polarisation plane of
laser radiation.

Finally, it should be remembered that pulsed magnetic
fields can be used, whose strength under laboratory con-
ditions can achieve a few megagauss [17]. Although the
repetition rate of these pulses is low, the quadratic depend-
ence of the detected effect on the magnetic field strength
attracts attention to this method. When pulsed magnetic
fields are used, the condition NL/c <t (where 7 is the
duration of a magnetic-field pulse) should be satisfied.
Obviously, this condition can be easily achieved.

Therefore, by using the modern laser equipment and the
system for measuring the optical-path difference in the
interferometer arms developed for the LIGO project, we
can hope to observe nonlinear effects in the interaction of
laser radiation with an external magnetic field, predicted by
quantum electrodynamics.

The main difficulty, which should be overcome to detect
the birefringence of vacuum, is probably the production of a
‘real” vacuum, i.e., the evacuation of a volume down to an
extremely low pressure. Otherwise, the Cotton—Mouton
effect in a residual gas will mask the effect caused by the
birefringence of vacuum in a magnetic field. However, the
estimates (performed assuming that the change AL caused
by the Cotton—Mouton effect in the residual gas is smaller
than 10% of the change AL due to the birefringence of
vacuum) show that the required pressure of residual gasses
should not exceed 10~° — 107" Torr [20], which is quite
achievable.
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