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Measurements of the Inverse Faraday Effect from Relativistic Laser Interactions
with an Underdense Plasma
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Magnetic fields in excess of 7 MG have been measured with high spatial and temporal precision
during interactions of a circularly polarized laser pulse with an underdense helium plasma at intensities
up to 1 3 1019 W cm22. The fields, while of the form expected from the inverse Faraday effect for a
cold plasma, are much larger than expected, and have a duration approaching that of the high intensity
laser pulse (,3 psec). These observations can be explained by particle-in-cell simulations in 3D. The
simulations show that the magnetic field is generated by fast electrons which spiral around the axis of
the channel created by the laser field.
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Advances in high power laser technology have been
rapid over the past few years and presently, tabletop laser
systems can routinely produce pulses having a power of
many terawatts [1]. For applications such as particle accel-
eration [2,3], x-ray generation [4], and inertial confinement
fusion [5], remarkable progress has been made. However,
much of the fundamental physics of these interactions is
not yet fully understood.

The generation of magnetic fields in high intensity
laser-produced plasmas has recently been the subject of
increasing attention [6]. One particular phenomenon, the
inverse Faraday effect (IFE), has been a source of some
controversy as theoretical predictions are in disagreement
[7–9]. IFE is a magneto-optical phenomenon in which
the propagation of circularly polarized radiation through
a nonlinear medium induces an axial magnetic field along
the direction of propagation, due to the transfer of angular
momentum from the wave to the medium (in this case to
the plasma electrons) [10]. The measurement of relatively
small fields generated in this way was reported at low
powers in early experiments [11] and recent measure-
ments at intensities of up to 1016 W cm22 have shown
significant disagreement with theory [12]. For 1 mm
wavelength laser radiation at I � 1019 W cm22 and a
plasma density of 5 3 1019 cm23 calculations [8] predict
a magnetic field of greater than 1 MG, which should
be localized in space to the focal region of the intense
laser pulse. An approximate expression for these fields in
uniform plasma is given by [8]
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where Bc is the Compton magnetic field �mecv�e�, vp

is the plasma frequency, v0 is the laser frequency, a is
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the normalized vector potential of the laser field, and g is
the Lorentz factor of the electron laser orbit motion. This
expression is modified slightly when the magnetic field is
treated self-consistently [8].

This picture is further complicated when an intense laser
pulse channels through plasma, so that the electron density
is no longer uniform [8,9]. The laser expels cold back-
ground electrons out of the channel and the resulting den-
sity gradient can result in an additional source of magnetic
field, which is comparable in amplitude to that of Eq. (1),
but in the opposite direction.

However, the propagation of relativistically intense laser
pulses in a plasma is also known to produce axially ac-
celerated electrons [2]. Particle-in-cell (PIC) simulations
suggest that these fast electrons are radially confined and
perform betatron oscillations in the channel fields [13].
The laser field is found to transfer both linear and angular
momentum directly to these resonant particles. In the case
of a circularly polarized laser field, the betatron oscillations
are spirals around the channel axis and thus the hot elec-
trons can provide an additional source for the axial mag-
netic field. Using the expression for a simple solenoidal
field we can estimate the induced magnetic field as
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where a is the average pitch angle of the spiral trajectories
of hot electrons, nhot is the density of the hot electrons,
R is the channel radius, and kp � vp�c. For electrons
in resonance with the laser beam [13], we may set a �
vp�v0. At relativistic intensities (a ¿ 1), we estimate
the channel radius as R � pa�kp and obtain
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This field may become larger than the fields from (1), as
it does not saturate at relativistic intensities and continues
to grow with intensity even for a ¿ 1.

In this paper, we report the first temporally and spatially
resolved measurements of Megagauss magnetic fields (up
to 7 MG) generated by the hot electron version of IFE in
a plasma using a self-channeling laser pulse of relativistic
intensity. By comparison with 3D PIC simulations, we
show that the observed fields, which exceed the value given
by (1), are better explained by Eq. (3).

The experiments were performed using the high inten-
sity VULCAN laser. The laser operates at a wavelength of
1.054 mm and has an energy of up to 40 J per pulse and a
pulse duration of between 0.9–1.2 ps. The focal spot was
approximately 3 times diffraction limited. In these experi-
ments, the laser pulse was focused into a helium gas jet tar-
get using a f�4 off-axis parabolic mirror. The “vacuum”
intensity was found to reach 1 3 1019 W cm22. It should
be noted that due to self-focusing, it is likely that the actual
intensity in localized regions may be higher than this [14].
A l�4 wave plate was placed inside the vacuum chamber
to change the laser polarization from linear to circular for
these measurements.

A small fraction of the pulse was split from the main
beam and subsequently frequency doubled to 527 nm for
use as a probe beam. The energy of this probe beam
was about 100 mJ and the pulse length could be adjusted
from 2–15 ps. A fast Hamamatsu streak camera (2–3 ps
resolution) was used to measure the duration of the probe
beam and to time the probe with the main beam.

Forward Raman scattering was used to determine the
plasma electron density. This gave densities consistent
with the full ionization of helium neutrals as measured by
Moiré deflectometry of the gas jet. It should be noted that
no evidence of cavitation (i.e., the depletion of electrons
by the ponderomotive force) was observed [15]. The ini-
tial plasma electron density could be adjusted systemati-
cally throughout the range 4 3 1018 4 3 1019 cm23, by
changing the backing pressure of the gas jet. Optical prob-
ing of the interaction was performed using the same probe
beam passing transverse to the direction of propagation of
the laser. This gave a measure of the interaction length
which was found to be a consistent 1 6 0.2 mm (about
10 Rayleigh ranges) over this density range, due to self-
channeling.

Collinear probing was performed simultaneously with
the transverse probing. The collinear probe pulse was
linearly polarized and directed onto the same parabolic
mirror used to focus the circularly polarized interaction
beam into the gas jet. Imaging of the focal plane ensured
that the two beams overlapped. Interference filters were
used after the interaction, to isolate the collinear probe
beam from the main beam. The probe was then imaged
onto the slit of the streak camera, which served as the
detector. A pair of high extinction ratio polarizers was used
to detect Faraday rotation of the probe laser polarization
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caused by the axial magnetic fields generated by the pump
beam in the interaction region [12,16].

Figure 1 presents the typical spatially integrated streak
camera signal of the probe beam. Line (A) shows the streak
when the analyzer is aligned parallel to the probe beam po-
larization, so that the streak camera captured the unrotated
probe light. The duration is 15 ps as expected. The lower
line (B) shows the signal when the analyzer was crossed
with respect to the probe beam polarization. Hence it was
set to transmit only light rotated due to the presence of an
axial magnetic field. The rotated polarization signal du-
ration was less than 3 ps, which is comparable to the du-
ration of the high intensity laser pulse. In the absence of
an axial magnetic field the polarization of the probe radia-
tion would remain unchanged and therefore light would not
be transmitted through the analyzer. Shots with only the
probe beam showed no rotation, demonstrating that there
is no rotation due to the optics. Shots with the plasma
generating beam but without probe were taken and only
background signal at noise level was observed. Such back-
ground shots without probe were taken with the same pa-
rameters directly after each data shot, so that this low-level
background could be accounted for. As a critical test, when
the high intensity interaction beam was linearly polarized,
so that no axial magnetic field would be expected, no rota-
tion of the probe polarization was observed. This discounts
depolarization due to density gradients within the plasma,
and clearly demonstrates that the source of the transmitted
signal was the IFE fields generated by the intense circu-
larly polarized laser pulse in the plasma.

With the simultaneous measurement of electron density
(from Raman scattering), the magnetic field can be esti-
mated from the intensity ratio between shots with the an-
alyzer crossed and those with the analyzer parallel to the
initial polarization of the probe. The peak Faraday rota-
tion angle from Fig. 1 was found to be 22± 6 3± giving a
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FIG. 1. Streak camera line outs of (A) probe pulse — uncrossed
analyzer; (B) rotated probe —crossed analyzer; (C ) calculated
magnetic field from A and B.
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magnetic field of 2.6 6 0.6 MG (Fig. 1,C) at an electron
density of 2.8 3 1019 cm23. An important aspect of these
measurements is that they show that the duration of mag-
netic fields due to the IFE is approaching that of the intense
circularly polarized laser pulse, which generates the field.
The dissipation/convection time for such fields is clearly
very short —of the order of a picosecond.

In the experiment, we have also imaged the lateral extent
of the axial magnetic field in the interaction region. After
the interaction region a parabolic mirror relayed the image
of the collinear probe in the plasma to a 16-bit CCD array
positioned behind a Wollaston prism (analyzer). The prism
was set to split the rotated and unrotated parts of the probe
beam, so that they could be directly compared. The spatial
extent of the rotated beam therefore corresponds to a mea-
surement of the extent of the magnetic field in the plasma,
since the spot size of the probe pulse was always much
larger than that of the high intensity laser beam. Observa-
tions of the radial extent of the magnetic field were made
and are shown in Fig. 2, as a function of vacuum-focusable
intensity. The peak magnetic field (peak rotation) was
always observed on axis, and it was noted that the radial ex-
tent of the field decreased as the intensity increased. Simi-
larly, the spatial extent of the high field region decreased
at densities which produced the largest magnetic fields.
The inset of Fig. 2 shows the magnetic field is localized to
13 6 2 mm (FWHM) which is significantly smaller than
the laser focal spot in vacuum (�20 mm). This is indica-
tive of the self-focusing effects which reduce the region of
highest intensity. By rotating the Wollaston prism by 45±
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FIG. 2. Spatial extent (FWHM) of Bz as a function of “vac-
uum” intensity. The extent of the probe beam is marked by
dashed line. The inset shows a contour plot of Bz at the focal
plane for I � 6.7 3 1018 W cm22, ne � 2.8 3 1019 cm23.
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to the polarization of the probe beam, the direction of the
rotation of the probe polarization, and thus the direction
of the magnetic field, could be found. It was found to be
consistent with a standard IFE field (i.e., due to a current
of electrons rotating in the same direction as the polariza-
tion of the laser beam.) This was verified by rotating the
quarter wave plate by 90±, which changes the rotation of
the laser polarization and also changes the direction of the
generated field.

Measurements of the magnetic field strength (spatially
integrated, temporal maximum) versus “vacuum” intensity
were also made (Fig. 3) for various gas pressures, and it
is clear that the field increases with laser intensity. The
theoretical expression for a uniform plasma, Eq. (1), with
a density of 3.5 3 1019 cm23 is plotted in Fig. 3 for the
relativistic regime of our experiments. This expression
is easily exceeded by our experimental data. Indeed at
lower densities this discrepancy is more than an order of
magnitude. The magnetic field due to electron density
depletion effect has a similarly small amplitude. It should
be noted in Fig. 3 that as the plasma density is increased,
the peak measured field did not necessarily increase.

The anomalously high axial magnetic field that we ob-
serve in the relativistic regime can be explained by the
effect of fast electrons produced during these interactions
[Eq. (3)]. In similar experiments arranged so that hot elec-
trons can be detected, we have consistently observed for-
ward accelerated electrons up to 100 MeV in energy (with
a “temperature” of up to 10 MeV) [17]. Consequently, we
compared our measurements with 3D PIC simulation us-
ing the code VLPL [18]. In the simulation, a 30 TW laser
beam was incident onto uniform plasma with the density of
3.5 3 1019 cm23. The laser focal spot radius is 10 mm
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FIG. 3. Measured peak magnetic field versus “vacuum” inten-
sity for various plasma densities (in cm23). Theoretical curve is
from Ref. [8] for ne � 3.5 3 1019 cm23 .
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FIG. 4. 3D PIC simulation results. (A) Longitudinal cut of
the generated Bz— along the laser beam. The beam has propa-
gated 400 mm through plasma. (B) Trajectories of 10 arbitrarily
chosen electrons trapped in the channel. The arrow shows the
direction of circulation.

corresponding to an initial intensity of 1019 W cm22. Be-
cause of computer limitations, the simulation was run for
only a laser pulse duration of 200 fs.

The axial magnetic field obtained in the simulation is
shown in Fig. 4(A). The maximum generated field is about
5 MG, significantly higher than Eq. (1) predicts, but in line
with the estimate (3). The principal difference concerns
the electron trajectories in the laser field. The derivation
of Eq. (1) implies that plasma electrons orbit around their
initial transverse positions due to the laser field, while (3)
is based on the hypothesis that the electrons orbit around
the channel axis. These resonantly driven betatron oscilla-
tions in the channel fields have much larger spatial extent
than the simple electron quiver motion in the laser field.
Consequently, higher magnetic fields can be produced. In
the PIC simulation, electrons trapped in the channel were
followed and trajectories of 10 arbitrary sampled electrons
are shown in Fig. 4(B) in a perspective view. Clearly, the
electrons are circulating around the channel axis. The char-
acteristic radii of the orbits are 5 mm. This is an order of
magnitude more than that due to the quiver motion in the
laser field. The large number of energetic electrons re-
quired to explain such magnetic fields (greater than 10%
of ambient electrons) is consistent with the high electron
yields measured in these experiments [17]. The direction
of the electron spiraling corresponds, as it should, to the
direction of rotation of the laser polarization and to the
sign of the observed magnetic field.
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In conclusion, we have performed the first time and
space-resolved measurements of the inverse Faraday ef-
fect, in which we measure peak fields of the order of
7 6 0.8 MG from interactions at relativistic intensities.
The field was generated by a 0.9 psec duration laser pulse
and lasted for less than 3 psec. The measured field is much
greater than that predicted by recent theoretical predictions
for IFE in a cold plasma [7–9]. However, 3D PIC simula-
tions produce magnetic fields of similar amplitude, demon-
strating that at these intensities the axial magnetic field can
be due to betatron trajectories of the accelerated electrons
in the plasma channel produced by the circularly polar-
ized laser. Such magnetic fields have significance for laser
plasma accelerator research in reducing plasma propa-
gation instabilities of laser-produced electron beams and
perhaps in improving their emittance.
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