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ABSTRACT

Magnetic fields driven by a laser in coil targets were studied for laser energies of ~25 ] and two pulse durations of 2.8 ns and 70 ps. Axial
magnetic fields in the coils were measured by continuous wave Faraday rotation diagnostics. The diagnostics indicated magnetic fields of
6-14 T in the coil and currents of 10-20 kA. Magnetic fields were compared for similar laser targets, focusing conditions, and laser energies.
A 30-times increase in the intensity of the laser beam by reducing the pulse duration resulted in an increase in the magnetic field and current
by a factor of2. The relaxation time ofthe magnetic pulse was on the sub-microsecond scale.
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. INTRODUCTION

Studies on magnetized plasma are relevant to many fields ofbasic
and applied plasma physics and astrophysics. The compression of pre-
heated magnetized plasma is a key point of the MagLIF concept for
controlled fusion.! Strong magnetic fields can improve plasma condi-
tions for inertial confinement fusion.? Magnetic fields change the
dynamics of plasma expansion3-5 and the development of instabilities
in plasma.6 Strong magnetic fields are expected to enhance the genera-
tion of'ion beams.7 Laboratory laser produced magnetized plasma can
be scaled to astrophysical plasmas.43

Strong magnetic fields can be generated by kj-class lasers using
coil targets. A 0.5-2kj laser with a pulse duration of ~1 ns generates
laser produced plasma and fast electrons that induce a current in the
coil generating a magnetic field. This method was originally demon-
strated by Korobkin and Motylev in Ref. 9. Generation of magnetic
fields of 50-200 T was presented in Refs.10 and 11. Higher magnetic
fields of 600-800 T were reported in Refs. 12 and 13. A theory of
generation of laser-driven magnetic fields was developed in Refs. 14
and 15. Strong magnetic fields of 100-300 T are also generated by 1-3
MA pulsed power machines in coil and rod loads.3,16,17

Measurements quantifying magnetic fields in coil targets con-
front several challenges. The discharge in the coil generates optical,
x-ray, and radio frequency electromagnetic bursts. X-ray radiation and
eddy currents can initiate plasma formation on a laser target near the
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coil.l6 For these reasons, magnetic probes are installed at a distance of
5-7 cm where the signal drops by a factor of 103-104.6,13,14 Zeeman
spectral splitting has been applied successfully to magnetized plasma
with an electron temperature of 1-15eV.1§ The Faraday rotation
method enables the measurement of magnetic fields at the rising edge
of'the laser driven B-field.l0 Proton radiography is widely used but is
sensitive to both E-fields and B-fields and, typically, provides one
time frame in a stack of RCF films.11,13 The characteristic rise time of
the laser driven magnetic field may be < 0.5ns. The comparison of
magnetic fields in different experiments is difficult because B-fields are
generated by lasers with different wavelengths, energies, intensities,
focusing conditions, and target designs.

In this paper, generation of magnetic fields in laser coil targets
was studied at pulse durations of 2.8 ns and 70 ps with a laser energy
of ~25] at the same laser with identical focusing conditions. The
intensity in the focal spot on the capacitor target was varied by a factor
of ~30. The axial magnetic field was measured by Faraday rotation of
a continuous wave (CW) laser beam at the wavelength of 405 nm in
a small glass disk. The Faraday diagnostics provided continuous
measurements of all features of the magnetic pulse in one shot. The
magnetic pulse had a short 0.3-2 ns rising edge and a sub-microsecond
falling edge. The long falling edge is a result of relaxation of the mag-
netic energy of the coils through the capacitor shorted by the laser
produced plasma.
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Il. EXPERIMENTAL SETUP

Experiments were carried out at the Multi-Terawatt Laser
(MTW) of the Laboratory for Laser Energetics (LLE), University of
Rochester. The laser is based on the OPCPA front-end and neodym-
ium glass amplifiers.l9 The MTW laser produced pulses with dura-
tions of 70 ps (compressed) or 2.8 ns (with the compressor bypassed)
at the central wavelength of 1053 nm. The beam was focused by an E/2
parabolic mirror on the inner plate of the target capacitor at an ~7 /(m
spot. The energy on the target for the short pulse was smaller due to
the 80% transmission of the compressor, and so average intensities in
the spot were 0.8 x 1016-2.5 x 1017 W/cm? in the long and short
pulse regimes.

Faraday rotation of the polarization plane of a CW probe laser
was measured in a Tb doped glass disk, | mm thick and 1.5 mm in
diameter. This diagnostics was developed and calibrated during mea-
surements of magnetic fields at the Zebra pulsed power generator.17 A
Verdet constant of the Faraday glass was measured by two methods
using a pulse solenoid and permanent magnets. The power of the CW
laser at the wavelength of 405 nm was 150 mW. An input Gian polar-
izer with a contrast >104 allowed for measurements of small angles of
the Faraday rotation. The beam was focused on the glass disk by the
lens with a focal length /—2 m. A mechanical shutter opened the laser
beam during a 10 ms window to avoid heating or damaging the glass
sample. The laser beam was reflected back from the dielectric mirror
on the rear side of the Faraday glass disk as seen in Fig. 1(a). After the
polarization plane of the laser beam has been rotated by the magnetic
field, the light is reflected out of the beam path by the Gian polarizer.
The depolarized part of the beam was focused onto a 7 GHz silicon
photodiode and recorded using an oscilloscope. A narrowband inter-
ference filter blocked the light pulse from the plasma generated during
laser irradiation. The Faraday glass disk was placed at a distance of
0.5-1.5 mm from the coil edge. A thin glass plate protected the rear
dielectric mirror on the Faraday disk against plasma debris. Double
disks were used in several shots to increase the Faraday rotation angle.
The Faraday rotation diagnostics with a CW laser provided a continu-
ous measurement of the magnetic field in a long temporal range.

A coil laser target was made of CulOl foil with a 99.99% purity
and 0.1 mm thick. The coil with an internal diameter of | mm was

FIG. 1. (a) The laser coil target and Faraday glass disk in the MTW interaction vac-
uum chamber, (b) A laser coil target.
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| mm wide. A laser beam passed through the 0.6 mm hole in the inner
plate ofthe capacitor and focused on the rear plate as seen in Figs. 1(a)
and 1(b). The gap between the plates was | mm. The coil axis was
rotated 45° compared to the capacitor plane due to the configuration
of windows in the interaction vacuum chamber. Coil targets were not
evaporated or melted but were unbent by the plasma pressure after the
laser shot.

A CW laser at 405 nm was used due to the high Verdet constant
ofthe Faraday glass in the blue range. The back reflecting diagnostics
provided a double pass of the laser beam in the Faraday glass.
However, the laser signal from the photodiode was in the mV range
due to the low CW laser power, small B-fields in the coil, and the
decreased sensitivity of the silicon photodiode in the blue range. The
oscilloscope and photodiode were placed in a screened cage to mitigate
the electromagnetic noise during the laser shot.

lll. GENERATION OF LASER DRIVEN MAGNETIC FIELDS
AT THE MTW LASER

A. Generation of magnetic fields by the 2.8 ns laser
pulse

During the first series of shots, the magnetic field in the coil target
was produced by the 2.8 ns laser pulse. The laser pulse was focused on
the capacitor plate with an intensity of 0.8 x 1016 W/cm2. A pulse
shape of the Faraday signal was recorded by the 7 GHz silicon photo-
diode on a 12 GHz oscilloscope.

A typical Faraday signal is shown in Fig. 2. The electromagnetic
noise during the shot was averaged during | ns and 2ns (black and
red lines). Every voltage point was replaced by the value averaged in
the range & 0.5ns or = | ns. In this shot, the Faraday glass disk was
placed at a distance z— 0.45 mm from the edge of the coil. The rota-
tion angle a was calculated by formula U/Umax= sin2a, where U and
Umax are the amplitude of the signal and the maximum amplitude,
respectively. The maximum amplitude Umax was measured in the ref-
erence alignment shots with a shutter and a quarter-wave plate
installed in the beam path.

The pulse ofthe magnetic field generated by the nanosecond laser
pulse had a 1-2ns rising edge and a long falling edge with a sub-
microsecond relaxation time. The magnetic field in the glass disk was
calculated from the formula for the Faraday rotation angle a = VBaverl,
where V'is the Verdet constant equal to »— 171 rad/T/m at 405 nm.
The measured magnetic field Baver represented the average field
integrated along the length I of the Faraday glass disk. The magnetic
field on the axis of the coil at the distance x was calculated using the

300 t(ns)

FIG. 2. A waveform of Faraday rotation signal taken at the shot with a 2.8 ns laser
pulse. The noise is averaged for 1 ns (black line) and 2 ns (red line).
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following formula from Ref. 20, which assumes a uniform current in
the coil:,

where al and a2 are the internal and external radii ofthe coil, and 2b is
width ofthe coil. The inductance of'the coil is Bz(0) x Txa2Il. The total
inductance of the coil and a | mm strip line is 0.66 nH. Figure 3
presents the position ofthe glass disk, the coil edge, and the axial mag-
netic field Bz(x) calculated from formula (1). The peak magnetic field
Baver calculated from the Faraday signal is 0.4 T in the shot presented
in Fig. 3. To reconstruct the current in the coil, the magnetic field in
Fig. 3 was integrated along the disk area and the current in formula (1)
was varied to fit the experimental value. A distribution of current in
the coil due to the skin effect does not significantly affect calculations.
Variation of'the foil thickness from 0.1 mm to 0.01 mm in formula (1)
results in a <5% change of Bz(x) at a distance 0f0.5-1.5 mm. Current
may also concentrate in two layers at the ends ofthe coil cylinder. In
this case, the axial magnetic field deviates from formula (1) by
5%-12%. The strong skin effect is more important for the rising edge
as seen in the pulse shape in Fig. 2. Out calculations are performed at
the maximum of'the pulse where the skin effect is weak and the skin
layer width is ~60 /rm. The magnetic field in the coil center and the
current in the coil were found to be Bz(0) =6.4 T and Je=9.7kA,
respectively. The magnetic energy in the coil was 0.03 ], which is
~0.1% of'the energy ofthe laser pulse.

B. Generation of magnetic fields by the 70 ps laser
pulse

The second series of shots with coil targets were performed with
a short laser pulse. A chirped laser pulse was compressed to a 70 ps
duration and focused on the capacitor plate by the same focusing sys-
tem with an intensity of2.5 x 1017 W/cm2. The electromagnetic noise
during the short pulse shots was higher compared to that during the
nanosecond shots (see Ref. 21) The noise consisted of spikes with a
period 0f60-120 ps. Due to the high level ofthe electromagnetic noise,

glass disc

FIG. 3. The position of the glass disk and coil and the axial magnetic field Bz(x)
calculated by formula (1) with lc = 9.7 kA. A dashed line indicates the edge of the coil.
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the 12 GHz oscilloscope was changed to a better protected 2.5 GHz
oscilloscope. The screen box with the photodiode and the oscilloscope
were relocated at a larger distance from the interaction chamber and
the MTW laser. This helped to decrease the noise and to record the
sub-nanosecond rising edge of the Faraday pulse without averaging.
Figure 4 shows Faraday signals from two shots with a 70 ps laser pulse
recorded with (a) 12 GHz and (b) 2.5 GHz oscilloscopes. The Faraday
signal in Fig. 4(a) was averaged over | ns (black line) and 2ns (red
line). The falling edge shows a sub-microsecond relaxation but the ris-
ing edge shorter than | ns cannot be resolved. Figure 4(b) presents a
signal after the noise mitigation. The blue line shows the signal without
averaging. The red line shows the pulse averaged for | ns with a sub-
microsecond relaxation. The blue line in the magnified image (c)
shows a 0.6 ns rising edge ofthe Faraday signal. The 0.5-0.6 ns front of
the waveform of'the Faraday pulse was typical for shots with the 70 ps
laser pulse. The rising edge of the magnetic pulse is estimated
as 0.3-0.4 ns if the temporal resolutions of the oscilloscope and the
photodiode are taken into account.

C. Comparison of magnetic fields generated by the
long and short laser pulses

Magnetic fields in both nanosecond and picosecond regimes
were generated in identical conditions with the exception of the laser
pulse duration and intensity. The MTW laser produced pulses with
the same wavelength and spectrum using the same focusing system.
The energy of'the pulses was in the range 0of22-26J. The same laser
coil targets were used in the nanosecond and picosecond regimes.

300  t(ns)

0 200 400 t(ns)

FIG. 4. Faraday signals from shots with 70 ps laser pulse with (a) 12 GHz and (b)
2.5 GHz oscilloscopes. Noise is averaged during 1 ns and 2ns as shown by the
red and black lines. Blue lines show the signal without averaging. A rising edge of
the signal from image (b) without averaging is shown in (c).
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Only the intensity on the capacitor plate of the laser coil was varied.
Six shots with two pulse durations were performed in one series. Laser
intensity in the focal spot was 0.8 x 1016 W/cm?2 for 2.8 ns pulses
and 2.5 x 1017 W/cm? for the 70 ps pulses, so, the intensity varied by
~30 times.

The average magnetic field in the Faraday glass disk was calcu-
lated from the rotation angle. The distance between the Faraday glass
disk and the coil edge was measured on every shot. Magnetic fields in
the coil center and current were reconstructed from formula (1).

Figure 5 shows the current in the coil calculated from the experi-
mental magnetic field Baver in six shots. Shots with the 2.8 ns laser
pulses show a current of 10.2 + 0.7 kA. Shots with 70 ps pulses show a
current of 19.8 & 2kA. The magnetic field is higher by a factor of 1.94
in the short pulse regime. An increase in laser intensity by a factor of
~30 results in the increase in the current in the coil and in the increase
in the magnetic field by ~2 times.

IV. DISCUSSION

Experimental data were compared with models for the genera-
tion of laser driven magnetic fields. A model published in Ref. 14
estimated the current in coil targets irradiated by a laser pulse. Fast
electrons from the laser produced plasma charge the capacitor of the
target and drive current /c through the coil. The charging ofthe capaci-
tor and the generation of the coil current /c are described by the
following equations: 14

dU + I L

C-N- — Ige7¢7 — loel” + Ic, (2)
dL

—U—Rlc + L—, 3)

where Uis the voltage between the plates of the capacitor C, d is the
distance between the plates, 7Te is the temperature of hot electrons, Cs
is the ion sound speed, and L and R are the coil inductance and resis-
tance. The first and the second terms in the right hand side ofequation
(2) are the ion and electron currents flowing in the gap. The “electro-
technical” Eq. (3) describes the dynamics of coil current /c. Similar
equations with different expressions for the electron and ion currents
from plasma were used in Ref. 11. However, the solution of these
equations gives oscillating currents.

20 o 0
kA
U (kA) L 4 i
70
10 m ps
L - J
I
2.8ns
shot #

8764 8773 8776 8782 8783 8871

FIG. 5. Current in the coil calculated in a series of shots with 2.8 ns pulses (squares)
and 70 ps pulses (circles). Filled markers show shots with single Faraday glass
disks. Open markers present shots with double disks.
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Let us note that the system of equations for the coil current has
to describe the physics of the processes that develop on four different
timescales: (1) the time interval when the laser pulse is irradiating the
target; (2) the time duration ofthe electron current; (3) the time dura-
tion of the ion current; (4) the coil current evolution at large times due
to circuit characteristics (capacitance, inductance, and resistance).
Equations (2) and (3) present a basic model that accounts for the cur-
rent dynamics on these 4 timescales.

Further studies of physics of laser driven currents were carried
out in Ref. 15. This model did not use the ion current in the equations.
It was also shown that the nanosecond relaxation of the magnetic
pulse is a result of increased resistivity of the coil material due to the
fast heating by the current. However, the theoretical modellS was
developed for ns pulses and cannot be applied to the 70 ps laser pulse
in our experiments. The model suggests that hot plasma arrives at the
anode and provides a stationary regime at ~100 ps for the laser pulse
with a duration >1ns. In the model,!5 the current is calculated only
after 100 ps. However, experiments22 showed that 30 fs laser pulses
effectively generate the magnetic field in the coil laser target and a
B-field reaches the maximum at ~60 ps.

The temperature of hot electrons in plasma is crucial for the gen-
eration of the laser driven magnetic field. Several experimental scaling
laws for hot electron energy have been published for laser intensities
in the range of 1014-1019 W/cm2 22-24 Energy scales as Te ~_f725 in
Ref. 23, ~ J03 in Ref. 24, and ~J042 in Ref. 25. We scaled the tempera-
ture of hot electrons using the formula from:15 Te— 12(121)042, where
Te is in keV, the laser wavelength X is in /(m, and intensity 7 is in
PW/cm2. In this case, the temperature of hot electrons is 30 keV for
the 2.8 ns pulse and 128 keV for the 70 ps pulse. Figure 6 presents the
coil current /c calculated from Eqs. (2) and (3) using parameters of our
coil target, d— | mm, C— 0.08 pF, and L= 0.66 nH and the size of the
focal spot of 8 /(m. Solid and dashed lines in Fig. 6 correspond to
calculations with and without the ion current, described by the first
term in Eq. (2). The coil current is only ~20% higher ifthe ion current
is not included in the calculations. However, without the ion current,
Egs. (2) and (3) do not show the fast relaxation of coil current after its
maximum that agrees with our experiments. The ratio of maximum
currents T(128 keV)/T(30keV) —2 is in agreement with the experi-
mental ratio for the short and long pulses. The maximum current and
rising time of the current pulse are also in agreement with these simu-
lations. The dotted lines show calculations with inductance increased

128keV

30keV

FIG. 6. Current in the coil calculated from formulas (2,3). Dashed lines show calcu-
lations without ion current in Eq. (2). The dotted lines show calculations with induc-
tance increased by a factor of 1.5.
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by a factor of 1.5. Variation of inductance in Egs. (2) and (3) affects
the rising edge but does not affect the maximum current in the coil.
We note that the energy of fast electrons may vary if another scaling is
used. Moreover, the model froml4 does not take into account some
physics effects presented in Ref. 15, such as the effects of the space
charge, magnetization, and heating ofthe coil material. Further experi-
ments and theoretical efforts should be performed to better under-
stand the physical effects responsible for the generation of the laser
driven magnetic fields.

However, the experiments with laser energy at the kj level dem-
onstrate the nanoseconds falling edge of the magnetic pulse. The short
relaxation time of'the current was explained by high resistance of the
coil material ~1 £2 near the temperature of evaporation.lS In our
experiments, the coil was made of I X 0.1 mm2 Cu foil with a total
mass of ~5 mg. Dissipation of a magnetic energy of0.03 ] can increase
coil temperatures by about ~20 K. Ifthe skin layer is negligibly small,
then the bulk resistance of the coil is R =2 x 1(U3 £2 with the induc-
tance L —0.66 nH. The relaxation time of the magnetic energy
through the coil and plasma in the gap is L/R—0.33 /is. This relaxa-
tion time is in agreement with the long falling edge in Figs. 2 and 4.

The rising edge of the magnetic field in the picosecond regime
is 0.3 ns. The sub-nanosecond rising edge is typical for the magnetic
pulse generated by kj laser pulses.12,13 In this case, the time rate of
the magnetic field can reach the value of dB/dt ~1012 T/s, and the
external metal foil target will be quickly heated by eddy currents.
Using the enthalpy of atomization Haf— 1.2 X 107 J/kg and the resis-
tivity ~ 5 X 1(U7 £2 at the evaporation point, one can estimate that a
| /im aluminum foil can be evaporated during 0.2 ps. Further heating
by eddy currents is balanced after 2 ps by the black body radiation at
a temperature of ~4 eV. The foil expands by less than 1% of'its thick-
ness during 2 ps, and therefore, the pressure of Al plasma can reach
0.4 Mbar. However, the flashover and further heating of the surface
plasma may change the heating dynamics. Dielectric targets are not
heated by eddy currents but the high circular voltage may result in a
flashover.

V. CONCLUSION

Laser-driven magnetic fields in coil targets were studied at the
MTW laser with CW Faraday rotation diagnostics. Two pulse dura-
tions of 2.8 ns and 70 ps were used for the generation of magnetic
fields. The same laser coil targets, focusing system, and laser energy
were used in both nanosecond and picosecond regimes. Only the laser
pulse duration and intensity on the coil target were varied in experi-
ments. The axial magnetic fields in the coils were continuously mea-
sured by Faraday rotation of the polarization plane of the laser beam
in a small glass disk placed near the coil. Faraday rotation angles indi-
cate magnetic fields of B—6-14 T in the coil center and currents of
Ic— 10-20kA. The 70 ps laser pulses with 30-times higher intensity
compared to the 2.8 ns laser pulses generated a current and magnetic
fields that were ~2 times higher. This ratio is in agreement with the
simulations using equations from the model.l4 The current and the
rising edge duration of the magnetic pulse were also in agreement with
the model.14

The sub-microsecond falling edge of the magnetic pulse was
observed in both laser pulse regimes. The falling edge is formed by the
relaxation of the magnetic energy of the coils through the plasma-
shorted capacitor. An electron-ion current in the modell4 should be
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presented in another form to fit the experimental relaxation time. The
rising edge of the magnetic field was 1-2ns with the 2.8 ns laser
pulse and ~0.3 ns with the 70 ps laser pulse. The temporal rise of the
magnetic field can reach 1012 T/s ifa kj laser is used. With such a rate,
eddy currents can heat an external metal foil target to warm dense
matter conditions.
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