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We report measurements of ultrahigh magnetic fields produced during intenses,1020 Wcm−2 mm2d laser
interaction experiments with solids. We show that polarization measurements of high-order vuv laser harmon-
ics generated during the interaction(up to the 15th order) suggest the existence of magnetic field strengths of
0.7±0.1 GG in the overdense plasma. Measurements using higher order harmonics indicate that denser regions
of the plasma can be probed. This technique may be useful for measurements of multi-GG level magnetic fields
which are predicted to occur at even higher intensities.
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I. INTRODUCTION

Continuing advances in laser technology have enabled ex-
periments using laser pulses focused to extreme intensities
(greater than 1020 W/cm2) [1] thus making possible the ex-
ploration of new regimes in plasma physics[2]. An impor-
tant characteristic of these interactions is the production of
multi-MG strength magnetic fields[3–9]. These fields are
predicted to exist in localized regions near the critical density
surface(i.e., the region where most of the laser absorption
takes place). Such spontaneous magnetic fields can be gen-
erated by several mechanisms including: nonparallel tem-
perature and density gradients in the ablated plasma[8], by
the ponderomotive force associated with the laser radiation
itself [7] and by the current of fast electrons generated during
the interaction[4,5]. The magnitude of magnetic fields gen-
erated by each of these sources can become hundreds of MG
at high laser intensities. All of these fields are predicted to be
in the azimuthal direction around the laser interaction region
although the direction of the field due to plasma gradients
should be opposite to that produced by the other mecha-
nisms. Clearly, this is a little known regime of plasma phys-
ics which is difficult to access experimentally or even
through the use of computer simulations.

Until recently, diagnostic techniques for magnetic fields
used external optical probing techniques which were inad-
equate for measurements of ultrastrong magnetic fields
where the plasma density is very high(e.g., at the critical
density, ne,1021 cm−3) because the steep plasma density
gradients in these regions cause unacceptable refraction of
the probe beam. Using such techniques, only the magnetic

field in the outer low-density plasmasne,1019–1020 cm−3d
can be measured(less than 10 MG) [3,9] which is far lower
than that predicted to exist near the critical surface.

However, recently Tatarakiset al. [10,11] have introduced
a technique for measuring these fields through measuring the
polarization properties of self-generated harmonics of the la-
ser frequency. It is well known that when an electromagnetic
wave propagates in a strongly magnetized plasma with its
k-vector perpendicular to the field, the X-wave, i.e., the com-
ponent of the wave with its electric field perpendicular to the
magnetic field, can experience cutoffs and resonances. A cut-
off occurs when the index of refraction is equal to zero and a
resonance occurs when the index of refraction approaches
infinity. The X-wave is reflected when it encounters a cutoff
and is absorbed at resonance(at the upper hybrid frequency).
The ordinary wave(O-wave with electric field vector parallel
to the magnetic field) is unaffected. Such cutoffs of low order
self-generated harmonics of the laser frequency[12] have
been observed during high intensity laser plasma interactions
and magnetic fields as high as 400±50 MG have been in-
ferred from them[10,11]. However, these cutoff measure-
ments have only been possible at the very highest laser in-
tensities s,831019 W/cm2d. At lower intensities,
measurements of the Stokes vectors of the optical harmonics
have been used to estimate the magnitude of the magnetic
field from the Cotton-Mouton effect(an induced ellipticity)
[11,13].

In this paper we present the first measurements of the
polarization properties of the higher-order 8th–25th harmon-
ics of the laser frequencys131–42 nmd generated under high
intensity conditions. We show that a distinct increase in the
ratio of s/p polarization components of the eleventh and
higher-order harmonics can be observed at high intensity. A
significant change in the magnetic field strength can conse-
quently be inferred from these measurements since the ob-
served polarization changes can be attributed to the Cotton-
Mouton effect because of the observed wavelength scaling.
Our measurements suggest that the field strength inferred
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from the lower order(below the tenth order) harmonics
originates from the magnetic field in the surface layers of the
laser-produced plasma, whereas the induced ellipticity of the
eleventh harmonic onwards likely has a significant contribu-
tion from larger magnetic fields in deeper(higher density)
regions of plasma which are created during the hole-boring
phase of the interaction. These measurements demonstrate
the l3 scaling of the induced ellipticity in the harmonic po-
larization due to the Cotton-Mouton effect and show the ex-
istence of 700 MG magnetic fields at 1020 Wcm−2 mm2, in
agreement with fields predicted by 2D particle-in-cell simu-
lations.

II. EXPERIMENT

The results presented here were obtained using the high
intensity VULCAN laser system at the Rutherford Appleton
Laboratory. This laser produces pulses at a wavelength of
1.053mm, with an energy up to 100 J having a duration of
0.7–1.2 ps. The beam wasp-polarized and was focused to a
10 mm diameter spot at a 45 degree angle to the target nor-
mal producing a maximum intensity of aboutI =9
31019 Wcm-2. The parameters of the laser pulse were mea-
sured simultaneously for every laser shot. In these experi-
ments, 1 mm thick polished glass targets were used. The
contrast ratio for the laser pulse was measured previously to
be ,10−6 and, because of this, during our experiments the
main interaction will occur with relatively long density scale
length preplasma. However, because of the 1 ps long pulse
duration in these experiments, ponderomotive steepening
[4,5] of the critical surface can occur, which consequently
allows efficient generation of high order harmonics[10].

In order to determine the self-generated magnetic field
during the interaction, the Stokes parameters of the fifth,
fourth, third, and second harmonics were measured with
polarimeters using high dynamic range CCD arrays as detec-
tors, as previously described[12]. Figure 1 shows the mag-
netic field strength inferred from these measurements for the
second to the fifth harmonics. It is not possible to measure
field strengths above the X-wave cutoff for each particular
harmonic order using the Cotton-Mouton effect since such
measurements obviously require that both polarizations be
able to propagate. Consequently, to measure magnetic field
strengths of the order of a GGauss or larger, measurements
of the higher-order harmonics(with corresponding X-wave
cutoffs at higher fields and electron densities) are required.
Cutoffs for the various harmonics are typically separated by
aboutDB=vLmec/e (in this caseDB,100 MG) [11].

Harmonics above the fifth order occur in the vacuum ul-
traviolet (vuv) spectral region which is difficult to access
experimentally, and where no wave plates presently exist.
Hence, it is not possible to characterize completely the po-
larization state of short-wavelength harmonics via measure-
ments of the Stokes vectors. But since the frequency of these
higher harmonics is large compared with the cyclotron fre-
quency in the magnetized plasma, the ratio between the mi-
nor (b) and major(a) axes of the polarization ellipse is suf-
ficient to estimate the magnetic field strength from the
ellipticity caused by the Cotton-Mouton effect to the initially

plane polarized electromagnetic wave[14] using the follow-
ing formula:

b

a
= 2.493 10−21lmm

3 E nBMG
2 dl,

wheren is the plasma electron densityscm−3d, dl is the path
length smmd, l is the wavelength of the harmonic radiation
smmd, andB is the magnetic field strengthsMGd.

Therefore, a two-channel VUV-polarimeter(Fig. 2) was
constructed to enable measurements of these very high mag-
netic fields[15]. Two VUV-polarizers were setup orthogo-
nally, one fors-polarized light and one forp-polarized light.
Each consists of a triple-mirror-configuration, which is par-
tially polarizing due to Fresnel reflections of the three gold-
coated mirror surfaces. The incident angle of the harmonic
radiation was 25° with respect to the surface of the mirror.
The two polarized beams were then focused onto the slit
of an Acton 502 VUV spectrometer. A large area open
microchannel-plate(MCP) coupled to a charge coupled de-
vice (CCD) by a fiber-optic bundle was used as the detector
and was aligned to intercept the focal plane of the
spectrometer—allowing the simultaneous measurement of
both polarizations of the 8th–25th harmonic orders for each
shot.

The polarization properties of the Fresnel mirrors were
determined using two independent measurements of the op-
tical constants[16]. The calculated extinction ratio for both
channels also included the polarization properties of the
1200 lines/mm diffraction grating. In addition, the vuv po-
larimeter was calibrated using the well-defined source of
atomic harmonic emission developed at the ultraviolet laser
facility at the Foundation of Research and Technology Hellas
(FORTH) in Greece. In this calibration, all of the compo-

FIG. 1. Measured magnetic field incident laser intensity as de-
termined from harmonic polarimetry.snd: second harmonic;sPd:
third harmonic;shd: fourth harmonic;sld: fifth harmonic; sjd:
eleventh–thirteenth harmonics, open cross: peak magnetic field
from PIC simulations(OSIRIS); dashed line: ponderomotive scal-
ing “fit” to simulation results.
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nents of the polarimeter were considered as one optical ele-
ment and the Muller matrix[14] was measured. The experi-
mentally defined Muller matrix was in good agreement with
the matrix found from the calculated reflectivities ofp- and
s-polarized vuv radiation on gold mirrors.

III. RESULTS

A typical set of data acquired during the experiment is
shown in the inset of Fig. 2. From this one can estimate the
magnetic field strength assuming that the ratio ofs/p
=const3b/a (i.e., initially assume that the Faraday effect is
small). Then the magnetic field strengthsBd is given byB
=const3 fss/pdl3g1/2 a.u. Figure 3 shows that the harmonics
from the seventh to the tenth follow al3 scaling consistent
with having an induced ellipticity due to the Cotton-Mouton

effect (this scaling is shown as the solid lines in the figure).
This is also consistent with our initial assumption that the
Faraday effect, which scales likel2 (as indicated by the
dashed line in Fig. 3), is negligible. However, a notable fea-
ture in these data is the jump in apparent field strength at the
eleventh harmonic which then subsequently follows al3

scaling until the thirteenth harmonic. Harmonics of higher
order than the thirteenth were not used in this analysis due to
large uncertainties resulting from lower image resolution and
the increased level of background at shorter wavelengths.

The optical polarimetry measurements taken simulta-
neously and at a similar collection angle showed that there
was an X-wave cutoff for the fourth harmonic but none for
the fifth harmonic suggesting that the peak field strength
measured by the low order harmonics was,400 MG. The
“jump” in the ratio of s/p for the eleventh harmonic orders
onwards indicates that these higher frequency harmonics are
affected by a much larger magnetic field in the plasma(i.e.,
700±100 MG). It is interesting to note that the critical den-
sity for the eleventh harmonic is 1.131023cm−3 suggesting
that these harmonics can sample magnetic fields in higher
density regions of the plasma which are only accessible be-
cause of laser hole boring into higher density plasma at ex-
treme intensities[4]. It should be noted that this jump in the
observed ellipticity is very likely to be mainly due to an
increase in magnetic field through which the harmonics
propagate since the difference in critical density between the
tenth and eleventh harmonics is only 4% and the increased
penetration distancesdld should also be relatively small. This
observed jump in the ratios of the two polarizations was
consistently observed throughout these experiments although
occasionally the jump in the polarization ratio of the XUV
harmonic spectrum was observed to occur between the elev-
enth and twelfth harmonics.

It is also likely that higher-order harmonics are produced
in a smaller spatial region than lower orders. Consequently,
higher order harmonics may on average sample higher mag-

FIG. 2. (Color) Setup for VUV polarimetry. Inset is shown as an example of raw data with eighth–25th harmonic(wavelength increases
left to right) separated intos andp polarization components(up/down).

FIG. 3. Calculated magnetic field from experiment at
I =931019 W/cm2: note that this displays thel3 scaling(solid line)
which is characteristic of the Cotton-Mouton effect.
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netic fields than lower order harmonics, simply because the
source of these harmonics is more well-defined in the regions
of highest intensity.

IV. DISCUSSION AND CONCLUSIONS

For comparison, 2D particle-in-cell simulations were un-
dertaken using the codeOSIRIS [17]. These indicated that the
peak measured fields generated by these experiments were in
general agreement with the values obtained by our measure-
ments(see simulation points in Fig. 1). The maximum field
in these simulations was also found to grow with an approxi-
mately “ponderomotive” scaling[i.e., ,sIl2d1/2]. This indi-
cates that the primary magnetic field generation mechanism
is likely that due to the ponderomotive source as discussed in
Ref. [7]. Figure 4(A) displays the results from a 2DOSIRIS

simulation (at I =1019 W/cm2) in which magnetic fields re-
sulting from the three different mechanisms can be distin-
guished. In region(A) fields are produced via nonparallel
temperature and density gradients in region(B) the fields are
produced via a ponderomotive source; and in region(C)
magnetic fields are likely due to Weibel-like instability in the
laser generated electron beams. The laser beam is normally
incident onto a linearly increasing density ramp(maximum
density 15ncr) and I =1019 W/cm2. The electron density is
also shown[Fig. 4(A)] which indicates the extent of the hole
boring and which shows that the region of highest laser in-

tensity is surrounded by plasma density up to 20 times criti-
cal density. This will affect which harmonics will be able to
propagate out of the plasma, and also which harmonics will
be able to sample the largest magnetic fields.

In the theoretical calculations from Ref.[7] the very large
magnetic fields were predicted to extend into the plasma for
only a collisionless skin depth, however, in simulations of
these interactions these fields are observed to have a larger
spatial extent[4,12]. In particular, in our simulations it was
found that the high magnetic fields exist in a region having a
spatial dimension which is several times the collisionless
skin depth near the critical density surface. This relatively
large depth to which the magnetic field extends is likely the
reason why higher frequency harmonics suggest the exis-
tence of larger magnetic fields in our measurements.

This anomalous skin depth is likely due to the relativistic
motion of the plasma electrons in the huge electric fields
generated by the focused laser beam and can be easily esti-
mated. The electron fluid equation of motion of plasma in the
field of a laser beam propagating in thez direction is given
by:

gme
] vx

] t
+ gmevz

] vx

] z
= − eEx,

where thex component is dominated by the convective term,
wherevz is given approximately byseEd /gmv (i.e., the rela-

FIG. 4. (Color) Simulation of high intensity interaction using 2D particle in cell code,OSIRIS, showing hole-boring effects and regions of
magnetic field. Region(A) nonparallel temperature and density gradients; region(B) ponderomotive source; region(C) magnetic fields due
to Weibel-like instability from laser generated electron beams. Laser is normally incident onto a linearly increasing density ramp(maximum
density 15ncr) and I =1019 W/cm2. Box size is 6.5mm310 mm and grid is in units of the collisionless skin depthsc/vped.
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tivistic forward velocity in the “figure of 8” quiver motion)
and where

]

] z
,

1

L
.

For overdense plasma, Ampère’s law can be written as
By/L=−neenxmo and Faraday’s law isEx/L= ivBy. This then
gives

L < Sgc2

vpe
2 ·

g

2p
D1/3

if nz,c. Therefore, we estimate that in our experimentsL
can be many times larger than the collisionless skin depth
sc/vped (sincevpe.vLaser, from ponderomotive steepening).

The maximum magnetic field is also found to extend to
distances further into the plasma. This also implies that
shorter wavelengths harmonics, which are able to penetrate
further, will sample regions of plasma which have a higher
magnetic field.

In conclusion, a multichannel VUV polarimeter has been
constructed and deployed to measure magnetic fields in in-
tense laser-produced plasmas. These measurements suggest
that peak dc fields up to 0.7±0.1 GG occur in the high den-
sity regions of plasma at incident laser intensities of 9
31019 W/cm2 in agreement with particle-in-cell simula-
tions. These harmonics sample the largest magnetic fields
which likely extend into the plasma for distances signifi-
cantly larger than the collisionless skin depth, a situation

which is likely due to the relativistic motion of the plasma
electrons in these ultrahigh intensity interactions. Such mea-
surements are significantly larger than any previous observa-
tions of laboratory magnetic fields.

VUV polarimetry is essential to diagnose the multi-GG dc
magnetic fields, which are expected to be generated with the
next generation of high power lasers. The magnetic fields
which can be produced in these experiments are only an
order of magnitude less than that of the oscillating magnetic
field of the focused laser pulse itself and begin to approach
those required to generate Landau quantization of electron
motion in hydrogen[18]. As the intensity of laser systems is
increased further, these magnetic fields may begin to affect
fundamental parameters of the plasma such as the equation
of state and the opacity. Consequently, laboratory tests of
astrophysical models developed for extreme conditions(such
as those in the atmosphere of neutron stars) may soon be-
come possible.
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