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We report on the first detection of the time-dependent B-field amplitude and topology in a laser-
driven solenoid. The B-field inferred from both proton deflectometry and Faraday rotation ramps
up linearly in time reaching 210 T 4 35 T at the end of a 0.75 ns laser drive with 1 TW at 351 nm. A
lumped-element circuit model agrees well with the linear rise and suggests that the blow-off plasma
screens the field between the plates leading to an increased plate capacitance that converts the
laser-generated hot-electron current into a voltage source that drives current through the solenoid.
ALE3D modeling shows that target disassembly and current diffusion may limit the B-field increase
for longer laser drive. Scaling of these experimental results to a National Ignition Facility (NIF)
hohlraum target size (~ 0.2 cm®) indicates that it is possible to achieve several tens of Tesla.

I. INTRODUCTION

Controlled magnetic fields applied to high energy den-
sity (HED) plasmas is a promising area of research. Ap-
plied B-fields have been shown to increase electron and
ion temperatures in laser-plasma experiments [1-3] which
might help mitigate laser-plasma instabilities. Indirect
drive ignition simulations show that a 20 T to 60 T B-field
applied to an imploding fuel capsule improves alpha par-
ticle and heat confinement relaxing the requirements for
ignition [4]. In inertial confinement fusion experiments,
higher neutron yields have been obtained with applied B-
fields < 10 T [5]. B-fields are also important for creating
laboratory conditions scalable to astrophysical plasmas
[6-11], and for creating and confining electron-positron
pair plasmas [12].

Externally applied B-fields in HED experiments have
achieved up to ~ 40 T [13] using pulsed power but
are expensive to implement and not readily compati-
ble with irradiation geometry and the cryogenic hard-
ware required for ignition experiments [14]. Fundamen-
tal material properties prove to be a significant limitation
to further increasing the field. However, an alternative
laser-plasma based technique has been shown to produce
hundreds of Teslas. This technique, originally demon-
strated by Korobkin [15], generated a B-field by focusing
a laser onto a target made of two plates connected by
a loop-shaped conducting strap. The mechanism which
converts laser energy to B-field energy has been mod-
eled as a laser-induced [21] or a hot-electron generated
[22, 23] voltage between the plates which drives current
through the coil inductor. However, a comprehensive
understanding of the physics underlying current gener-
ation in these laser-driven capacitor-coil targets remains
elusive. Several groups have reported from hundreds of
Teslas to multiple kiloTesla to be used on applications
related to either astrophysical studies [11, 16] or B-field
assisted fast-ignition [17-20]. None of the observations

reported include a B-field measurement sampling directly
the B-field in the center region of the coil. As a result,
the amplitude of the central B-field requires extrapola-
tion from the actual measurement location using an un-
verified model for the spatial B-field topology. We believe
this extrapolation is a primary contributor to the large
variation in the reported B-fields values despite the use
of similar laser drive and target geometry. In addition,
there has been no detailed effort to describe the current
dynamics inside of the coil during the laser drive.

In this article, we report on the first simultaneous prob-
ing of the B-field at the center and the surrouding region
of a laser-driven solenoid target using Faraday rotation
and proton deflectometry as detailed in section II. The
data analysis used to reconstruct the B-field is described
in section III. The unique aspect of these results is that
we have measured the temporal evolution of the B-field
amplitude and topology: this provides the most accurate
data available for testing models of the laser-generated
B-field physics. In section IV, we model the current flow
inside the loop as a function of laser drive intensity using
a lumped element circuit. We extrapolate these results
showing that it is possible to achieve tens of Teslas in-
side a 0.2 cm?® NIF scale hohlraum using the laser-driven
B-field generation scheme in section V. Finally, we used
ALE3D modeling of the coil to assess the current dynam-
ics including Ohmic heating and coil explosion. Section
VI detail how the dynamic behavior of the laser driven
coil could limit the achievable B-field on NIF.

II. EXPERIMENTAL DESCRIPTION

The experiments were conducted at the Omega-EP
laser facility [24] using up to two long-pulse drive beams
to generate the B-field and a short-pulse backlighter to
generate the protons for deflection measurements. Figure
1 shows the experimental setup. The target is a 4 mm



Longitudinal B-field

Au Cu ‘ ~

10 um  mesh

Backlighter

- -> ==
beam | ” ‘7’~ <\ > |
— 'Si0, .
Laser driving
the B-field '
zZ
Lo
2mm 4.5 mm 80 mm

FIG. 1. Schematic of the experimental setup on Omega EP.
TNSA protons generated at the gold foil drift perpendicular
to the longitudinal B-field direction. A small sample of the
protons passes through the coil by entering a 0.1 mm diameter
hole on the front plate and exiting a 0.1x¥0.25mm slot on the
rear plate. SiO2 glass (inside and outside the coil) used for
Faraday rotation is shown but is not present during proton
measurements.

by 1.1 mm rectangle of 12.5 pm thick gold foil that is
molded into a U-shape. The separation between the two
parallel plates is 0.5 mm and two 0.4 mm diameter laser-
entrance holes are cut near the bottom edge of the front
side (side closest to the drive laser). The long-pulse drive
lasers with up to 1 TW at 351 nm in 0.75 ns (0.1 ns rise
and fall with constant power for ~0.55 ns) are directed
through the holes in the front plate (~ 25° angle to the
target normal) and focus to a 170 micron spot on the
rear plate giving an intensity of ~ 4.5 x 10 W/cm?. A
10 pm layer of CH is placed on the back plate to increase
the density scale-length of the blow-off plasma and im-
prove the efficiency of electron acceleration by non-linear
laser-plasma instabilities [25]. With the addition of the
CH layer, we observed twice the B-field and a correspond-
ing increase in the number and temperature of the hot
electrons (approx. 30 to 60 keV) emitted from the rear
plate. The laser-target interaction causes current to flow
from the back plate through the coil and to the front
plate, generating the solenoidal B-field directed from the
left to the right inside the coil (-y direction), as shown in
Fig. 1.

The Faraday rotation system [26] used a 10 ps, 10 mJ
linearly polarized 263 nm probe beam directed along the
axis of the solenoid where it passed through two pieces of
fused silica (SiO2) glass. One piece was mounted inside
the coil and the other outside to detect fringing fields.
The B-field induced polarization rotation of the probe is
detected using Wollaston prisms to convert polarization
rotation to brightness. X-ray-induced darkening [27] of
the SiOs limits the Faraday measurements to < 500 J
of laser drive and probe timing of < 1.5 ns. Two B-
dot probes were used in some experiments but produced
data that was not of sufficient quality to add to the un-
derstanding of the experiments.

A short-pulse laser generates protons for deflectometry
measurements using the Target Normal Sheath Acceler-
ation (TNSA) [28, 29] technique. This laser focuses 200

J of 1053 nm light in 1 ps into a 10 gm spot on a 10
pm thick gold foil positioned 6.5 mm away from the coil.
The protons drift orthogonally to the solenoid axis where
they are deflected by the E + v x B Lorentz force from
the coil. Stray FE-fields add uncertainty to the B-field
estimate; we discuss their origin and effect below. The
deflected protons are imaged onto a radiochromic film
(RCF) pack composed of eight layers, sensitive to proton
energy ranging from 3.6 to 30.2 MeV. A 65 um period
mesh grid, placed close to the Au foil, helps quantify
the proton deflection. Most of the protons sample the
fringing field on the outside of the solenoid. However, a
hole placed in the front plate and a vertical slot cut into
the back plate allows a small sample of the protons to
probe the main field at the center of the solenoid. These
cut-outs are shown in Fig. 1. Protons passing through
the cut-outs deflect down toward the laser-drive region;
protons passing on the outside of the coil (through the
fringing fields) deflect away from the coil.

III. B-FIELD TOPOLOGY RECONSTRUCTION

We restrict the analysis to proton energies greater than
29 MeV because this limits the temporal smear in the
data to < 50 ps. The analysis infers a B-field at the
center of the coil through a two-step process. First, a
current spatial distribution is prescribed in an ANSYS
Maxwell [30] model of the coil to calculate the resulting
three-dimensional B-field surrounding the loop. Second,
a synthetic RCF image is constructed by simulating the
trajectories of > 10% protons from the source location
to the RCF. The current amplitude is adjusted until the
calculated proton image shows good agreement with the
measurements.
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FIG. 2. (a) Normalized proton dose measured on the Ra-
diochromic film sensitive to 29.5 £+ 0.5 MeV protons without
the drive beam. (b) Noramlized synthetic RCF data without
a magnetic field.

The proton trajectory reconstruction is first validated
by comparing simulations to a shot where no drive beams
are used (“cold” radiograph). The experimental data
[Fig. 2(a)] and the simulated image [Fig. 2(b)] are in good
agreement. This step is critical to ensure the validity of
the reconstruction method and will be used to assess the
uncertainty in inferred fields.



Based on analytical calculations of transient fast-rising
current flow inside a strap [31], we expect the current
density spatial distribution to peak at the edges of the
coil inside a few skin depths (§ ~ 2.5 um for a 1 GHz cur-
rent). Figure 3(a) is a simulated proton image for a uni-
form distribution of current across the conducting strap.
This shows the greatest deflection of the coil silhouette
at the coil center. Figure3(c) is a simulated proton im-
age with the majority of the current flowing in two equal
regions at the coil edges. The edge current simulated
image shows better agreement with the measurement in
Fig.3(b) in terms of the silhouette and grid deflection.
All of the proton data consistently shows a target sil-
houette with greater deflection near the edges. Thus, an
edge current distribution is used in all cases to infer the
B-field amplitude. Sensitivity of the radiographs to cur-
rent spatial distribution profile implies that the majority
of the current flows in two < 100 pum wide regions at the
coil edges.
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FIG. 3. (a) Synthetic RCF data for 180 kA of total cur-
rent distributed uniformly across the length of the target. (b)
Proton dose measured on the Radiochromic film sensitive to
29.5 + 0.5 MeV protons 0.65 ns after the beginning of the
drive beam. (c) Synthetic RCF data for 180 kA of total cur-
rent distributed equally in two < 100 um wide regions at the
edges of the solenoid. Red arrows and dotted lines indicate
the curvature of the deflection at the top edge of the target

The B-field amplitude is estimated by comparing the
synthetic and experimental data using up to three met-
rics: 1) the width of the coil silhouette, 2) deflection
through the solenoid (central meas.), and 3) deflection
in the fringing fields (external measurement). The reso-
lution threshold on each metric is estimated to be ~ 0.5
mm (or ~10 T) based on measurements on the cold radio-
graph shown in Fig. 2. Figure 4(a) shows the proton data
at t = 0.32 ns after the start of the laser drive; the num-
bered arrows label the three metrics. On all our shots, in-
ferred B-fields from individual metrics agree within 20%,
which we use to set an approximate error bar on the B-
field amplitude. It confirms that the edge-peaked current
distribution gives a B-field topology that matches the
measurements throughout the laser drive and that the
Vn. x VT, [32] B-field inside the laser-produced plasma
does not significantly contribute to the solenoidal B-field
measurement. Figure 4(b) shows a 2-D map of the longi-
tudinal B-field amplitude, normalized to the longitudinal
B-field at the center of the coil, in a plane centered be-
tween the plates (x=0). The B-field topology is similar
for all of the conditions investigated, therefore we will
specify B to be the on-axis longitudinal value at the cen-

ter of the coil for the remainder of the paper.
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FIG. 4. (a) Normalized proton dose of the Radiochromic film
sensitive to 29.5 £ 0.5 MeV showing the three metrics. Pro-
tons were delayed 0.32 ns after the beginning of the drive. (b)
Contour plot of the longitudinal B-field (B,) divided by the B-
field value at the target center (corresponds to [y, z] = [0, 0]).

Figure 5(a) shows the central B-field as a function of
time for a fixed drive intensity of 4.5 x 10 W /cm?. The
B-field linearly increases from 16 T to reach 210 T at the
end of the laser pulse. Figure 5(b) shows the inferred B-
field at ¢ = 0.6 = 0.1 ns after the beginning of the drive
for three different laser intensities. Increasing the laser
intensity from 1 x 10® W/em? to 4.5 x 10 W/cm? (at
fixed spot size) produces an order of magnitude increase
in the B-field. These data provide time and intensity
scaling of the B-field which we can use to benchmark
models for the laser coil system and extrapolate to a NIF
hohlraum size laser driven coil.

IV. RLC MODELLING

To describe the current and B-field time behavior
we begin with a simple lumped-element circuit model
sketched in Fig.5(c). The equations describing the cur-
rent and voltage behavior are written next to the circuit.
The generation of the current can be describe as follow:
Laser-generated hot-electrons leaving the rear capacitor
plate collect on the front plate and induce a voltage dif-
ference between the two plates of the target. This ca-
pacitor voltage drives current through the inductor and
regulates the continuing rate of charge build-up from the
hot-electron current.

We numerically solved the circuit equation for I, using
the current source term Is = gﬁ% (1+ %)e—eVC/HTh [23]
and C'= 0.06 pF, L = 0.4 nH, R = 0.02 m{) as estimated
from the coil geometry used in the experiments. The
conversion efficiency to hot-electrons h, varies from zero
to 1 and Tyt ~ 30keV. The resulting current through
the loop I, is used as an input in Maxwell3D to obtain
the B-field and allow direct comparison to the experi-
ment. As a rule of thumb 1.2 kA equates to ~1 T for the
OMEGA EP target geometry. We are able to tune the
model to reach 200 T at 0.75 ns by adjusting A to 0.1.
However, the model, illustrated by the dashed line plot-
ted in Fig.5(a), shows two differences to the experimental
data: a more rapid initial increase of the field with time
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FIG. 5. (a) Squares correspond to experimentally inferred
on-axis B-fields. Error bar shows the quadratic sum of each
metric’s uncertainty. The plain red (dashed green) line corre-
sponds to the B-field amplitude obtained using the lumped-
element circuit current for C' = 0.3 nF (0.06 pF) (b) B-field
at ¢ = 0.6 £ 0.1 ns after the beginning of the laser drive. Dia-
monds correspond to Faraday measurements and the square
to proton deflectometry. (¢) Lumped-element circuit of the
laser-driven solenoid with coupled equations for the voltage
between the plates, Vi, and the current inside the loop, Ir. Is
is the current source, C, L and R are the target capacitance,
inductance and resistance .

and high frequency oscillations when the laser turns off
(only one oscillation is shown). The more rapid initial
increase of the field with time is attributed to the small
value of C. The source current causes the voltage on the
capacitor to spike very quickly (~25 ps) causing a rapid
initial increase of the current through the loop. When
the laser turns off, Is drops to zero and the small capac-
itance induces high frequency oscillations of the current
with time period 7 ~ 27v/LC = 31 ps. A more linear in-
crease in the B-field which matches the data better can be
obtained by increasing C to 0.3 nF. This much larger C'
converts Ig to an approximately constant voltage source
causing a quasi-linear rise of B [solid line of Fig.5(a)]. It
is also consistent with the B-field continuing to increase
after the laser turns off [at 0.95ns delay on fig.5(a)] as
the larger capacitance does not induce rapid oscillations
once the laser shuts off. We note that using another ex-
pression for Is [33] also requires an increased capacitance
to match the data. The target capacitance is dictated by
the plate geometry but also by the electric permittiv-
ity of the medium between the plates. Indeed, angular
filter refractometer [34] measurements in Fig.6 show a
plasma plume expanding between the plates. Refraction
contours of the probe due to the presence of plasma are
observed near both plates at ~250 ps and plasma is filling
the whole gap by 650 ps. Our hypothesis for increasing
the target capacitance is that the plasma inside the gap

shields the electric field between the plates [35] in sev-
eral Debye lengths. This leads to a plate capacitance
3 to 4 orders of magnitude higher than the geometrical
capacitance. A higher capacitance is plausible as soon
as plasma expansion is enough to shield the electric field
(tens of picoseconds). After the fast rise, the capacitance
is expected to decrease with time because the temper-
ature (Debye length) increases from laser heating. The
lumped-element model provides good agreement with the
results as long as 0.13 < C[nF] < 0.7, which encompasses
the expected time variation of the capacitance over the
laser drive duration. A better characterization of the ca-
pacitance is beyond the scope of this paper. The need for
a larger capacitor does not change if we include a small
resistance in parallel with the capacitor to represent pos-
sible current flow through the plasma.

The model is further benchmarked against the experi-
mental data using the intensity scaling shown in Fig.5(b).
We find, while keeping T+ = 30 keV, that h must be in-
creased from 0.001 to 0.015 when intensity increases from
10" W/cm? to 2.2 x 101 W /ecm?. Doubling the laser in-
tensity again gives h ~ 0.1 which is in good agreement
with the conversion efficiency reported in [36] for a sim-
ilar laser intensity. Above 5 x 10! W /cm? experimental
data from [36] suggest that the conversion efficiency sat-
urates at ~ 0.1.
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FIG. 6. (a) 4w angular filter refractometer 250 ps after the
beginning of the drive (b) 650 ps after the beginning of the
drive. Laser is coming from the left hitting the rear plate
(right plate) at z ~ 1lmm, the loop center is at z =0 mm.

V. EXTRAPOLATION TO NIF

We can use our RLC model to estimate the expected
field inside a NIF size target without additional hypothe-
ses by keeping the drive laser and the plate region similar
to the Omega EP experiments. Increasing the coil size to
~5 mm diameter [37] increases the inductance to L = 1.5
nH [30] and should give a 9 T B-field. It is possible to fur-
ther increase the B-field by overlapping four NIF quads
thus increasing the drive intensity to 1017 W/cm2. To
estimate the B-field at higher intensity, we assume that
h saturates at 0.1 and increase the hot electron temper-



ature to 75 keV [38]. The current reaches 300 kA after
1 ns leading to a 30 T B-field at the coil center. This
results suggests that the use of a laser driven coil is a
promising method to achieve an external B-field over a
large volume, ~ 0.2 cm® on NIF.

VI. DYNAMIC LIMITATIONS

The dynamics of the current flow through the coil is
not described by the lumped-element circuit. The cur-
rent rise to ~ 300 kA heats the coil edges causing the
electrical resistance to increase rapidly and the edges to
explode. This effect can be addressed using ALE3D [39]
(Arbitrary Lagrangian-Eulerian 3D Multi-Physics Code).
A symmetric section of the target geometry is modeled
using 650k mesh elements with a size of about 1 ym near
the coil edges and increasing to 5 pm away from the edge.
The results presented were unaffected by a smaller mesh
size. The initial condition is no current, room temper-
ature and the voltage from the lumped element circuit
is a boundary condition. Calculations show a current
density peaked at the coil edges in agreement with the
experimentally inferred distribution. The coil resistance
increases by a factor of a thousand, from ~ 0.02mf) to
20 m£? during the laser drive due to coil heating; the coil
inductance remains nearly constant at 0.4 nH. Increasing
the resistance to 20 m$2 does not affect the B-field rise or
maximum value estimated using the RLC model. In ad-
dition to the RLC parameters, the current distribution
will also evolve as a function of time as ohmic heating
causes the coil edges to explode. The beginning of the
coil explosion can be seen on the right side of the target
in Fig. 3(b). According to ALE3D, the heated material
causes the current density to shift towards a cooler and
less resistive part of the target (i.e. towards the cen-
ter of the strap and from the inner to the outer surface
of the conductor) ~ 300 ps after the beginning of the
drive. This produces an “anomalous current diffusion”
which is about 40 times faster than normal current diffu-
sion (Ax2/At = o = 75 m?/s where o is the material
conductivity and po is the permeability of free space).
Therefore current dynamic diffusion will introduce a time
dependent topology of the B-field. According to our sim-
ulations, half of the current remains in two < 100 um
wide regions at the coil edges for the whole duration of

the laser drive and confirms that our assumption on the
current distribution is valid for drive shorter than 1 ns.

VII. CONCLUSION

In summary, proton deflectometry measurements on
a “U-shaped” solenoid are used to infer an edge-peaked
current distribution and a quasi-linear B-field increase
with time, reaching ~ 210 T in 0.75 ns for a constant laser
drive. The data also suggests that the B-field increases
with drive intensity and longer drive duration. Based on
these experimental data we developed a lumped element
circuit model allowing us to estimate current for a dif-
ferent laser intensity. We show that models of current
generation indicate a dynamic capacitance that is much
larger than the geometrical capacitance and may result
from the blow-off plasma. The lumped element circuit
model shows that we can reach ~ 30 T in a NIF size
laser driven coil in 1 ns. Complementary ALE3D simu-
lations show that the current dynamic diffusion and coil
disassembly due to ohmic heating will affect the B-field
rise for longer drive durations. We note that utilizing
a laser-driven B-field in HED experiments requires con-
sideration of the extremely high loop voltage(~ MV /m)
created inside the solenoid due to the rapid onset of the
B-field. Voltage breakdown and plasma formation on the
surface of the target preventing field penetration of the
target geometry are important concerns. The ability to
control the rate of onset of the field as well as a more
complete understanding of the current generating mech-
anism will make it possible to mitigate these issues.
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