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Abstract

Polarization rotation of a probe pulse by the target is observed with the Faraday rotation method
in the interaction of an intense laser pulse with a solid target. The rotation of the polarization

plane of the probe pulse may result from a combined action of fused silica and diffused electrons.
After the irradiation of the main pulse, the rotation angle changed significantly and lasted ~2 ps.
These phenomena may imply a persistent magnetic field inside the target. An analytical model is
developed to explain the experimental observation. The model indicates that a strong toroidal

magnetic field is induced by an energetic electron beam. Meanwhile, an ionization channel is

observed in the shadowgraph and extends at the speed of light after the irradiation of the main
beam. The formation of this ionization channel is complex, and a simple explanation is given.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The interaction of ultra-intense, ultra-short laser pulses with a
solid target is at the very basis of fast ignition [1], astrophysics
[2], proton and ion acceleration [3, 4], and so on [5-7]. In fast
ignition, of particular interest are the megaampere currents of
relativistic electrons that propagate into the target [8]. These
currents can generate megagauss magnetic fields, which will in
turn influence the propagation of the energetic electron beam,
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thereby diminishing the energy deposition in the precompressed
ignition core. As electrons penetrate into the target, a low-energy
electron backflow will be generated in order to ensure electric
neutrality [9]. In such a system Weibel instability [10] or the
current filamentation instability can grow efficiently and give
rise to an ultra-intense magnetic field in a manner that is akin to
the formation of an ultraintense magnetic field from unmagne-
tized plasmas in astrophysics [11]. In this way, the Weibel
instability renders the laser—solid interaction an excellent test
field for astrophysics [12].

The temporal evolution of multimegagauss magnetic
fields is dictated by many different mechanisms. In the
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penetration phase of fast electrons into a target, the magnetic
field is mainly determined by the source term V x () [13],
where ji, is the beam current density, and 7 is the electric
resistivity. When 7 is assumed to be a constant, the magnetic
field is mainly determined by j,. The magnetic field can also
grow at points where there is a gradient in the electric resis-
tivity V7 that is not aligned with the energetic electron cur-
rent j,. On the other hand, in addition to the current of fast
electrons generated during the interaction, the crossed density
and temperature gradients Vn x VT and the temporal var-
iations in the ponderomotive force are also responsible for
causing the intense magnetic field. Haines in [14] incorpo-
rated all mechanisms above into one equation.

Recording and investigating the magnetic field is com-
plicated. Various methods have been developed for detecting
the magnetic field, including the magnetic probe, current
probes, Zeeman effect [15], plasma polarimetry [16], and
proton probe [11, 17], to name a few. The most effective way
to date is plasma polarimetry based on the magneto-optic
Faraday Effect and the Cotton—-Mouton effect. The Faraday
Effect was used in [18-21] to detect the magnetic field in front
of the target or in an underdense plasma. The Cotton—Mouton
effect is capable of detecting the temporal evolution of the
magnetic field near the critical surface of the plasma [22-27].
Progress has been made in observing the Weibel-like instability
induced turbulent magnetic field [24]. The magnetic field has
also been observed at the rear side of the target [23]. Moreover,
methods that employ the polarization properties of high order
harmonics of the laser frequency are utilized to detect magnetic
fields near the critical density [28, 29]. Nonetheless, despite
diverse detecting methods, the study of the magnetic field
induced in the interaction of the laser light with a solid is not
sufficient. The theoretical prediction of intense magnetic field
inside the target lacks of experimental validation.

In this paper, we show the temporal evolution and space
distribution of a Multi-Megagauss toroidal magnetic field
utilizing the Faraday rotation method. An analytical model is
developed to explain the experimental observation and it
yields calculation results in good agreement with the experi-
ment. After irradiation of the main beam, an ionization
channel is observed, which is attributed to the filament of the
laser light in the target. In addition, we observed a weak
magnetic field near the ionization channel. This may indicate
the presence of an electron beam.

2. Experimental setup

The experiment was performed at a commercial 1 kHz Ti:
sapphire femtosecond laser facility, which produces 25 fs,
8 mJ pulses with a central wavelength of 800 nm at a max-
imum repetition rate of 1 kHz. The experimental arrangement
is shown in figure 1(a). The 800 nm laser beam was focused
with an f/2 off-axis parabola at normal incidence onto a fused
silica target coated with a 50 pm thick film. At the best focus,
the p-polarized beam was focused to a 5 um diameter spot,
producing a maximum irradiance of about 1 x 10" Wem™2.
Targets were located in a vacuum chamber. The probing

beam was obtained by splitting off a small fraction of the
incident light, frequency-doubled to the ultraviolet range
(400 nm), and used as probes for time-resolved polarimetry
and plasma shadowgraphy. The probe beam passed trans-
versely across the target front surface. The spatial resolution
of the shadowgraphy was designed to be approximately 2 pm.
The probe beam was synchronized by decreasing the relative
delay to a value, at which no plasma was detected in the
diagnostics, that was defined as zero time.

The main laser pulse is always preceded by a low-
intensity, long-duration pedestal (~ns) that is introduced by
amplified spontaneous emission as well as the imperfect
compression of the chirped pulse. With an intensity of
~1 x 10" Wem ™2, it is sufficient to produce a preplasma in
front of the target. Later, as the critical surface moves away
from the ablation front, the main laser—plasma interaction
takes place in this preplasma. The adjustment of the envelope
of the pedestal preceding the main laser pulse was accom-
plished by altering the timing of optical gates in the laser
chain. Figure 1(b) presents such envelope of the laser pulse.

Polarimetry relies on the polarization rotation of the
probe pulse. It is essentially the Faraday Effect caused by the
magnetic field component parallel to the propagation direc-
tion of the probe pulse. Thus the rotation angle ¢, of the
linear polarized probe pulse presents a direct measure of the
magnitude of the magnetic field [15]. The time evolution of
the magnetic field can also be determined from polarimetry.

3. Experimental results

To show the experimental results concisely, figure 2 presents
typical polarigrams taken before illumination of the main
beam (at time zero). The fringes are due to diffraction in the
steep density profile. Specifically, (a)—(c) display the target
picture when the Glan prism in front of the CCD was rotated
away from the extinction of the original probe beam polar-
ization by 6,0, = 90°, 0°, and 5°, respectively. The polari-
gram shown in figure 2(a) shows no difference from that
taken without the interaction of a laser beam. While at the
same time delay, in figure 2(b), two bright spots were
observed in the target where crossed polarizers were used.
This demonstrates that the polarization planes of the two
bright spots are rotated away from its original direction. To
determine its polarization, we rotated the polarizer, and the
intensity of the bright spots changed as the Glan polarizer was
rotated. The intensities of the upper bright spot recorded at
time delay zero at different ¢, on the CCD are listed in
table 1. Meanwhile, the results calculated with the Malus’s
Law are also shown in the table. Considering the fact that the
interaction of laser light with solid target is a very unstable
process, ¢ should fluctuate from shot to shot. The data
shown in table 1 demonstrate that the experimental results to a
great extent obey Malus’s law. Thus, it is reasonable to say
the upper bright spot is linearly polarized. The fact that these
two bright spots maintained linear polarization indicates a
rotation of the polarization plane of the probe pulse by the
target. In figure 2(c), an up-down asymmetry in the lighted
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Figure 1. (a) Polarimetry diagnostic setup. The target surface is coated with a 50 pm thick Al film. The corresponding y and z directions are
marked in the figure. (b) A sketch diagram for the laser pulse with a preceding pedestal.

v

Figure 2. Polarigrams of the target taken before the illumination of the main beam when the Glan prism in front of a CCD was rotated away
from the extinction of the original probe beam polarization by (a) 90°, (b) 0°, and (c) 5°. The corresponding coordinate system is shown
in (a).
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Table 1. Intensity of the upper bright spot recorded on CCD when
the Glan polarizer is rotated away from the extinction position at
different angles 6po1(Tiaser ~ 2072, @ ~ 4°, background noise is
subtracted from the data below, at time delay zero).

Opo1 (degree) —10° 5° 10°
Intensity (a.u.) 28 54 134
BaserSIN*(Opo1 + i) (a0) 22 52 122

pattern is observed. This indicates that the two bright spots in
figure 2(b) are in different polarization states, demonstrating
an azimuthal magnetic field in the target. This effect is most
obvious when 0, is near the rotation angle ¢, of the
polarization plane of the probe pulse. Thus it can be estimated
that at time delay zero, ¢y is approximately around 5°. In
order to get the rotation angle of the incident light, we rotate
the polarizer until the background signal in the CCD is
comparable to that of the lighted region and the rotation angle
can be estimated. The rotation angle can also be estimated by
Malus’s law. If the intensity of the background signal recor-
ded in the CCD is I, and the intensity of the spot is /g, then

ISP = Ibg Sil’lz((bmt + epol)- (l)

The rotation angles from the two methods are consistent. With
this method, the time evolution of the rotation angle is measured
and is shown in figure 3(a). As shown in the picture, the rotation
angle fluctuated around a stable value until the illumination of the
main pulse. Once the heating beam was on (namely, after time
zero) the rotation angle changed tremendously as it increased to a
value of ~11°. This phenomenon may hint on an increment of
the magnetic field inside the target. The rotation angle decreased
soon after the main heating pulse and lasted ~3 ps.

In contrast to the experiments in [18, 19] where the
spatial and temporal evolution of the spontaneous magnetic
field were studied in front of the target, our experiment
observed the Faraday rotation inside the target. However, the
complex environment inside the target complicates the pro-
cess of retrieving magnetic field from the rotation angle. As
laser light energy is absorbed and reflected from the target,
some portions are transformed into the energy of the electron
that is transmitted into the target and thereby heats the target.
The electron density inside the target is estimated to be
<10" cm™3. For a probe pulse that propagates in a plasma
along the magnetic-field force lines, the rotation angle is
proportional to the integral, taken along the path L, of the
product of the electron density n. by the longitudinal comp-
onent B|| of the magnetic induction vector:

¢role =

ene

BL, 2)
2mecn,
where n. is the critical density corresponding to the probe
pulse. For L ~ 60 um and a rotation angle of 11°, this yields
a magnetic field of ~110° G, which is unreasonable for our
experimental parameters. The rotation of the polarization
plane of the probe pulse may be attributed to a different
mechanism. It should be noticed that the target is composed
of fused silica, and the Faraday effect was first discovered by
Michael Faraday in 1845 in glass. The rotation of the

polarization plane of the probe pulse may result from a
combined action of the fused silica and the diffused electrons.
The relation between the angle of rotation of the polarization
plane and the magnetic field in a glass is

1 eBL | dn
(brotg = 5 mlelc a = VB|L, 3)
where n is the refractive index of the glass, and V is the temp-
erature dependent Verdet constant. The temperature of the
ionized electron inside the target can range from several eV to
keV [30, 31]. However, the solid target will enter unstable state
picoseconds after the interaction of the laser beam with the
target. Whereas the temperature of the electrons is high, the
unionized fused silica may not. In our case, the ionization ratio
of the glass is <1%o. Determining the temperature of the
unionized fused silica is not easy. Here, we suggest a rather
simple model to estimate the temperature of the unionized target.
It is reasonable to assume that a 5% laser energy deposition
(which equals to ~0.4ml]) is translated into the temperature
increment of the unionized target. Suppose the two bright spots
are approximately a 100 gm x 100 gm x 100 ym cubic.
Taking into consideration the density ~2.203 x 10’ kg m— and
heat capacity ~670 J kg °C of the fused silica, the temperature
raised by the heating pulse is estimated to be ~270 °C, which is
much lower than that of the hot electrons. Therefore, we can
reasonably assume that the target is not excited. However, the
temperature distribution is not even. As shown in figure 2(b), the
dark area in the middle of the two bright spots is assumed to be
the axis of the toroidal magnetic field. The total angle of rotation
of the polarization plane can thus be written as:

en,
(z)rot = (brotg + ¢rote = (V + )BHL' 4)
MeCh,
For the fused silica used in our experiment, V ~
6.1degem™ - T7!, and e L3%107° degem™' - T,
2mecng

which is much smaller than the Verdet constant of fused silica and
will be neglected in the following analysis. The temperature
dependence of the Verdet constant is on the order of 10+ K™
[32]. Thus, it is reasonable that we use a value of
7degem ™' - T~ to retrieve the magnetic field from the rotation
angle of the polarization plane of the probe pulse.

4. Analytical model for experimental observation

Figure 3(b) presents the temporal evolution of the magnetic
field. It indicates a main pulse generated magnetic field pulse
with a peak value of ~2 MG and duration of 2 ps (FWHM).
As mentioned above, the generation of an intense magnetic
field is a complex process for which various models have
been developed while attempting to explain experimental
observations [14]. The process involves numerous mechan-
isms such as the propagation of hot electrons inside a target,
and misalignment between the pressure gradient and the
density gradient. In order to analyze the underlying physical
mechanisms of the experimental result, a very simple model is
developed to simulate the space distribution and time
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Figure 3. (a) Probing beam rotation angle ¢, as a function of delay time; (b) magnetic field pulse profile retrieved from (a). Red solid line

shows the fit obtained using electron current modeling.

evolution of the magnetic field induced by the main heating
beam. The time evolution of the quasistatic magnetic field is
determined by Faraday’s law. By using Ohm’s law, the
equation for the magnetic field can be written as [25]

OB

c c - c? N
— = —VT. x Vi + —V X jio. + —V2B, (5)
ot nee O 4o,

where T, is the temperature of the electron beam, n. is the
number density of the electron beam and jj is its current
density. o, is the conductivity of the target. However, the first
term on the right side of the equation is negligible for our
experimental parameters. By approximating V7. with
AT, /Arp and Vn, with An, /Ar,, and setting AT, ~ 50eV,
Ane ~ 10" /cm®, Arp ~ 50 um, and Ar, ~ 10 um, this
gives OB/dt = 10> MG ps~ ', a value much smaller than the
experimental results. Therefore, the contribution of this
source term can be neglected in the following analysis, which
yields contributions only from the hot electron source term
and the magnetic diffusion term. Whereas hot electrons are
the main source for the intense magnetic field, the magnetic
diffusion term results from the plasma return current and is
representative of the resistive decay of the magnetic field. The
current carried by the fast electrons can be estimated to be
~eonevy, Where e is the elementary charge, o is the cross-
sectional area of the current, and vy is the velocity of the fast
electrons. After the irradiation of the main beam on the target,
a typical parameter is n. ~ 1 x 10" cm™, and vy ~ 0.6¢,
where c is the velocity of light in vacuum. If this current were
to enter the target as a cylinder-shaped moving electron beam

with radius rgpo ~ 18 um, the peak magnetic field under this
condition gives fipenevirspo/4 ~ 2.1 MG, a result consistent
with the experimental observation. However, this current
cylinder has a limited length penetration depth L. Then the
energy in the magnetic field would be of the order of 7”’5%)01
LB’In(L /Tspot)/ o, Which can be greater than the energy of the
laser pulse for a large L. This implies a balancing return
current induced by the hot electrons. This prediction is con-
sistent with the experimental results: the fact that the two
experimentally observed bright spots appear only in vicinity
of the target front surface, or in other words, they never
penetrate deep into the target, may indicate the place where an
intense magnetic field is present, and thus the presence of net
current. To validate our assumption, a model is developed as
follows, taking the assumptions above to reproduce the space
distribution of the magnetic field. The current density near the
target front surface is assumed to be

2
Iyexp| — .
0 212 r?

2mrd P 2r2 ) ©

spot spot

Jjr,2) =

where r = /x? + y?, T is a parameter used to characterize
the return current effect determined by the magnetic diffusion
term and the corresponding coordinate system is shown in
figure 2. Though j is dependent on z, only an azimuthally
magnetic field is detectable in the experiment. Thus, the
current can be seen as a cylinder, and the azimuthal magnetic
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Figure 4. (a) Faraday rotation image in crossed polarizers, and (b)
corresponding absolute value of magnetic field |B(r, z)| calculated

with equation (7).
1 —exp ’
— exp| — R
2”5%0;

R

field at (R, Z) is calculated to be

().
(N

To compare with the results of the experiment, |B(r, 7)| is
calculated when Iy = eon.vy = 2kA, and I' = 10 um, and is
shown in figure 4(b), which has a two bright spots structure
similar to that in figure 4(a). This consistency confirms the
cylinder current assumption. On the other hand, time evol-
ution of the magnetic field is of great significance [24] in
addition to the space distribution. The time evolution of the
magnetic field can be derived from equation (5). It is not easy
to solve equation (5) directly without approximation. As
indicated in [25, 26], V2B can be approximated with B/ Arz,
while V x Jj,, can be approximated with ji./Ar. Since
ultrashort laser beam was used in experiment and we only
care about the transport of the energetic electron beam after
the laser pulse, j, must decay over time. However, it is not
easy to derive an explicit expression for ji... A model for the
electron beam density is derived in [33] and used in [26] to
obtain the expression for the magnetic field. Nonetheless, a
simpler model developed in [25] is more suitable for unco-
vering the underlying physics. With this simpler model,
electron current decay over time is modeled with an expo-
nential function, and the final expression for the magnetic

2
B(R.Z) =2 x 10 Iyexp| - =—
(R, Z) 0 P( 2F2)

field is
t t
B(1) Auexp( ) 1 - exp(—) , 8)
ty 2
where y = ZO—T, T = 47T—20(Ar)2, and A is a source term. It
to— T c

can easily be seen when ¢ > pu, B(t) ~ Apexp(—t/ty), and
when t ~ 0, B(t) ~ Au[l — exp(—1t/p)]. Thus p determines
the rising time of the magnetic field, while #, determines the
falling time. For 7 > f3, u ~ 7. The peak value can be

Figure 5. Shadowgraphic images of (a) the target, (b) a laser beam
filament in the air at 2 ps after the main laser pulse irradiates the
target, and (c) Faraday rotation image of the target at the same time
delay of (a).

o T 7
deduced to be Ap (t_) - (t_) att = In(to/7)/ p. Fitting
0 0

the experimental result with this function can determine A, f,,
and 7. For the best fit curve shown in figure 3(b), the relevant
parameters for the fused silica are A =9MGps ',
to = 0.3 ps, and 7 = 2 ps. The conductivity o, which deter-
mines the decay time constant 7 can be calculated to be
~3.6 x 10" s, At a low temperature, glass is regarded as
almost nonconducting [26]. Interestingly, because of the
preionization of the target by the preceding pedestal in our
experiment, a nonzero value is observed. Meanwhile, heating
of the target with the conllisional effects as well as ionization
via large electric fields exceeding the breakdown threshold
can also contribute to this experimental result [26]. The space
distribution and the time evolution of the magnetic field can
be written as one equation:

2 t
B(r, z, 1) =2 x 10~ Ao ulp exp| — =— |exp| - =
(rz, 1) 0#tdo P( 2F2) P( to)

P

R

(7).
(€))

Here, Ag is a constant.

5. lonization channel in the target

In addition to an intense magnetic field, we also experimen-
tally obtained an ionization channel extended with the speed
of light after the interaction of the main beam with the target.
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Figure 5(a) shows a characteristic shadowgraph of the
ionization channel. Similar result has been observed in [34],
and due to its small divergence angle and low extending
speed (~0.66c), this ionization channel was regarded to be
excited by an energetic electron beam. However, the structure
resembles to a greater extent the filament of a laser beam in
glass, and the low extending speed 0.66¢ ~+/2¢ may result
from an incident angle of 45°. The propagation of the laser
beam in this ionization channel can be analyzed with the
paraxial approximation [35, 36]. To corroborate this con-
jecture, we resort to a filament zone in air, as shown in
figure 5(b). Owning to the filamentation of the laser light in
air, the plasma zone appears as a dark line with a small
divergence angle. The similarities between these two sce-
narios confirm our assumption. In some shots, the polarigrams
of the target show a rather weak (that is, fluctuated around
zero) magnetic field inside the ionization channel (see
figure 5(c)). This may be attributed to the energetic electron
beam induced by the laser light inside the ionization channel.
It further confirms our assumption that the ionization channel
is induced by the main heating beam rather than an energetic
beam, because there should be an intense magnetic field
around the ionization channel if it is raised by energetic
electron beam. The ionization channel in air lasts approxi-
mately ~1 ns, while it is sustained for only about ~10 ps in
glass. This could be a consequence of the enormous differ-
ence between the thermal conductivity of the two materials
(air 0.023 W mK ! glass 0.77 W mK " in room temperature).
With regard to the contrast ratio of laser systems, it is
regarded in [34] as a vital parameter for the observation of
this ionization channel. In a low-contrast laser system, the
preceding pedestal of the beam will preheat the target and
introduce preplasma in front of the target. If this pre-pulse is
strong enough, the main heating beam will be reflected and
partly absorbed at the critical-density surface of the pre-
plasma, thus allowing only the propagation of energetic
electron beams into the target, where a dark ionization area
appears. However, in the case of a high-contrast laser system,
the pre-plasma is incapable of reflecting the main beam. The
main beam penetrates into the target and forms filament in it,
resulting in an ionization channel in the target.

6. Conclusion

We observed the characteristics of polarization rotation by a
dielectric target in the interaction of a laser beam with a solid
target. Two bright spots were obvious in the polarigrams and
indicate a toroidal magnetic field. The magnetic field varies
with time, and the rotation angle of the polarization plane may
result from a combined action of the fused silica and the
diffused electrons. An analytical model developed here shows
good agreement with the experimental results. An ionization

channel extending at the speed of light was also observed
after the interaction of the main beam. This ionization channel
is induced by the main beam. The magnetic field inside the
ionization channel indicates a forward-propagating elec-
tron beam.
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