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Cylindrical implosion platform for the study of highly magnetized plasmas at Laser MegaJoule
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Investigating the potential benefits of the use of magnetic fields in inertial confinement fusion experiments
has given rise to experimental platforms like the Magnetized Liner Inertial Fusion approach at the Z-machine
(Sandia National Laboratories) or its laser-driven equivalent at OMEGA (Laboratory for Laser Energetics).
Implementing these platforms at MegaJoule-scale laser facilities, such as the Laser MegaJoule (LMJ) or the
National Ignition Facility (NIF), is crucial to reaching self-sustained nuclear fusion and enlarges the level of
magnetization that can be achieved through a higher compression. In this paper, we present a complete design
of an experimental platform for magnetized implosions using cylindrical targets at LMJ. A seed magnetic field
is generated along the axis of the cylinder using laser-driven coil targets, minimizing debris and increasing
diagnostic access compared with pulsed power field generators. We present a comprehensive simulation study of
the initial B field generated with these coil targets, as well as two-dimensional extended magnetohydrodynamics
simulations showing that a 5 T initial B field is compressed up to 25 kT during the implosion. Under these
circumstances, the electrons become magnetized, which severely modifies the plasma conditions at stagnation.
In particular, in the hot spot the electron temperature is increased (from 1 keV to 5 keV) while the density is
reduced (from 40 g/cm?® to 7 g/cm?®). We discuss how these changes can be diagnosed using x-ray imaging and
spectroscopy, and particle diagnostics. We propose the simultaneous use of two dopants in the fuel (Ar and Kr)
to act as spectroscopic tracers. We show that this introduces an effective spatial resolution in the plasma which
permits an unambiguous observation of the B-field effects. Additionally, we present a plan for future experiments
of this kind at LMJ.
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I. INTRODUCTION

Magnetization is a promising strategy to increase fu-

) ) sion yields and relax ignition criteria in laser-driven Inertial
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Confinement Fusion (ICF) [1], as the presence of a B field
strongly modifies fundamental properties of High Energy
Density (HED) plasmas. In ICF implosions, this concerns
(among other key mechanisms) heat transport, which gov-
erns the transfer of the laser energy from the corona to the
ablation front, and becomes anisotropic [2,3] in the presence
of a strong B field (~kT). Seed B fields can be amplified
by ~500 times to strengths up to B > 10kT through com-
pression of the plasma [4]. This increases the fusion yields
as it inhibits the thermal energy transport and reduces the
loss of « particles from the hot spot perpendicularly to the
B field [1,4-6]. Additionally, magnetized implosions may
be less vulnerable to hydrodynamic instabilities [7,8] that
could lead to disadvantageous mixing of the hot and cold
parts of the target [9]. Suppressing these instabilities is a
crucial issue to reach ignition at the National Ignition Facility
(NIF) [10-12].

A common approach to magnetoinertial fusion is the use of
cylindrical geometries with an axial B field, which was orig-
inally used in the Z-pinch Magnetized Liner Inertial Fusion
(MagLIF) experiments at the Z-machine [13,14]. Profiting
from the advantages described above, combined with this
favorable geometry, the cylindrical compression is expected
to be near adiabatic and stable, with a lower implosion ve-
locity and convergence ratio than in conventional ICF. To
explore this approach with a higher repetition rate and easier
diagnostic access than on the Z-machine, a laser-driven down-
scaled MagLIF approach is being explored at the OMEGA
60 laser facility [15], thus facilitating investigations of the
underlying physics [16-20]. At OMEGA, the axial seed B
field is generated using external capacitive pulsed discharges
with the Magnetoinertial Fusion Electrical Discharge Sys-
tem (MIFEDS) [21], which can produce B fields of up
to ~30T.

However, the MIFEDS system blocks the line of sight
that follows the axis of the cylinder, which complicates the
study of radial gradients and instabilities during the implo-
sion. Additionally, it produces a significant amount of debris
that can be damaging to the nearby diagnostics and the fa-
cility in general. As an alternative strategy, the generation of
B fields using Laser-Driven Coil (LDC) targets has recently
begun to be investigated for cylindrical implosion experi-
ments at OMEGA [22,23]. This approach builds upon the
demonstration of the compactness and performance of these
targets observed in recent laser-plasma experiments carried
out within laser facilities of more modest energies [24—28].
Laser-driven B field targets could potentially extend the range
of available magnetization levels that can be reached in the
imploding plasma. Additionally, contrary to MIFEDS, they
are practically debris-free, and do not considerably block the
line of sight of diagnostics to the target, thus facilitating the
study of the implosion in both axial and radial directions.
Independently of the method that is used to generate the seed
B field, the extreme magnetization phenomena produced in
these cylindrical implosion experiments have been recently
studied using extended Magnetohydrodynamics (MHD) sim-
ulations [29].

In this context, we present an experimental design for
studying the dynamics of imploding plasmas under extreme
magnetizations at the Laser MegaJoule (LMJ) facility [30,31].

3 mm long

/—CH

D,+Ar+Kr
11 atm

695 um

FIG. 1. Schematic design of the cylindrical targets, showing the
plastic shell and the gas fuel. This cylinder is 3 mm long and the
thickness of the CH shell is 55 pum.

We build on the aforementioned MagLIF experiments at
OMEGA 60 using LDCs.

We present results using state-of-the-art MHD, atomic
physics, and radiation transport simulation tools, which show
that it is possible to reach conditions for extreme magnetiza-
tions using a relatively low-seed B field. In particular, a 5 T
initial B field can be compressed to >10kT, thus allowing
unique studies of the impact of magnetization on electron
heat transport, magnetic flux compression, stagnation temper-
atures, and fusion reaction yields.

The paper is structured as follows. In Sec. II, the exper-
imental configuration is described, including the restrictions
for target dimensions and laser pointing. Section III presents
the expected values of the seed B field that can be produced
within this design. This is expanded upon in the Appendix,
which describes the physical model used to describe the
B-field generation using LDCs and details the results and
analysis from a recent experiment at OMEGA in which LDCs
were characterized in conditions similar to those at LMJ. In
Sec. IV, we present the results from extended MHD simu-
lations showing the compression of the seed B field and its
effect on the plasma conditions compared to the simulations
for the unmagnetized case. Section V discusses a variety of
diagnostics to characterize the experiment and, finally, Sec. VI
discusses the conclusions and future perspectives of this

paper.

II. EXPERIMENTAL CONFIGURATION

The proposed experimental configuration consists of a D, -
filled plastic cylinder positioned at the Target Chamber Center
(TCC), whose axis is aligned with the target chamber vertical
axis. The cylinder is 3-mm-long, 750 um outer radius—55-
wum-thick plastic shells (CH, 1.1g/cm?) filled with D, at
11 atm (1.81 mg/cm?), as shown in Fig. 1. Targets have been
designed to have the minimum size, while ensuring that the
focused LMJ laser beams are effectively terminated on target.

We propose the use of a dopant in the gas to regulate the
core temperature [29] and, most importantly, to act as a spec-
troscopic tracer for characterizing the plasma conditions. In
particular, we propose using argon, krypton, or rather a com-
bination of the two. Both elements have been previously used
as spectroscopic tracers for ICF-related experiments [33-37].
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FIG. 2. (a) VisRad [32] image showing the proposed configuration of the targets, with the 80 active laser beams for cylindrical compression.
The beams’ radius in display corresponds to 99% enclosed beam energy. The cylindrical target position is displayed by a black dashed line
contour. Additionally, the figure shows the coil targets, mounted around the cylinder, with a gap distance between coils of 1 mm. In this
configuration, the B field generated at the axis of the cylinder is expected to be ~5 — 10 T. It can be seen how the coil targets are away from
the LMJ beams that irradiate the cylinder. (b) Laser intensity on the cylindrical target using the proposed drive configuration. The intensity is

(11.6 = 1.2) x 10" W cm~2 over the central 1 mm region.

While the dopant concentration will decrease the obtainable
temperature owing to radiative losses, the choice of dopant
will determine the plasma conditions that can be probed using
spectroscopic diagnostics. This is discussed further in Sec. V.

The cylindrical target is imploded using 80 laser beams
as shown in the VisRad [32] image in Fig. 2(a). These are
grouped into 20 groups (quads), each of which delivers a total
energy of 13.5 kJ using a 3 ns square pulse [38] of 3w light
(A =351 nm). The quads are uniformly distributed in four
rings around the vertical axis of the chamber, with polar angles
33.2°, 49°, 131°, and 146.8°. This generates an irradiation
profile on the cylinder as shown in Fig. 2(b). Over the central
region of the target (0.5 mm), the drive is reasonably uni-
form, with an intensity of (11.6 & 1.2) x 10" Wem™2. This
corresponds to a 6% variation in the azimuthal direction and a
4% axial variation.

Around the cylindrical target, two copper coil targets in
a quasi-Helmholtz configuration are mounted, as shown in
Fig. 2(a). The purpose of these LDCs is to generate a seed
B field along the axis of the cylinder [26,27,39—43], and mag-
netize the central region of the fuel. The coils are positioned
at z=—0.5mm and z = 0.5mm, where z = 0 corresponds
to TCC (thus covering the central 1 mm axial length of the
cylinder). The coils’ axes are coincident with the cylinder
target axis and with the vertical axis of the interaction cham-
ber. Although the exact design of the coil targets (diameter
of the plates, wire length, and orientation) can be modified,
the diameter of the coils must be large enough so they are
not irradiated by the laser beams driving the implosion [in
Fig. 2(a), we show the radius of the laser beams that contains
99% of their energy]. We choose a coil diameter of 4 mm, to
minimize the target inductance, yielding 13 nH, while keeping
clear of the beams.

Recent experiments at the PALS [44] and LULI [45] laser
facilities using LDC targets indicate that the shock generated

in the irradiated plate takes ~1 ns to traverse the thickness of
a 50-pum-thick plate (in agreement with hydrodynamic sim-
ulations), and that the x-ray radiation emitted from the back
of the plate is too weak to pre-heat targets on the other side.
Nevertheless, as an additional precaution, to avoid direct x-ray
irradiation from these copper plates that could modify the
implosion dynamics, in the design presented here the plates
of the coil targets are oriented so their surface normal direc-
tions do not intersect with the cylindrical target. The side-on
emission from the plasma generated between the plates does
not intersect with the cylindrical target either. In addition, the
thickness of the irradiated plate must be adapted to the laser
pulse duration.

The coil targets are driven by two additional 3w laser quads
(one per coil target), delivering a total of 13.5 kJ to each coil
target, with a circular focal spot, 375 um in diameter (at 1/e
intensity), and a minimum pulse length of 3 ns. This corre-
sponds to a maximum intensity of ~4 x 10'> Wem™2 on the
coil plates, although the duration of the pulse can be extended
to tune the initial B field. These quads are incident at 59.5°
and 120.5° from the vertical axis of the chamber, respectively,
and separated by an azimuthal angle of 18°.

III. GENERATION OF THE SEED B FIELD

Each of the LDCs consists of two plates, marked in green
and blue in Fig. 2(a), connected by a single-loop coil. Laser
beams are focused onto the inner plate (green in the figure),
thereby ejecting hot electrons toward the outer plate (blue in
the figure). This process determines the efficiency of generat-
ing a current in the coil and the induced B field.

The underlying physics of LDCs can be described by the
plasma diode model developed by Tikhonchuk et al. [26],
where the coil targets are considered as a resistor-inductor
(RL) circuit fed by a laser-driven diode current. The laser is
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FIG. 3. Time evolution of the current looping through the coil
targets for this experiment, depending on the duration of the laser
pulse. The timescale corresponds to that of the laser beams driving
the LDCs. The main target beams are delayed by 3 and 6 ns, respec-
tively, so the seed B field is maximum prior to their activation.

typically of ns duration and sufficiently intense to generate
a significant number of nonthermal (hot) electrons. The hot
electron temperature is obtained as a function of the laser
irradiance 72, using known scaling laws [26]. With respect
to the conversion efficiency of laser energy into hot electrons,
values in the literature range from ~1% [46-50] to ~10%
[51,52]. Here we assume a conversion efficiency of 1%, fol-
lowing the recent results from Zhang et al. [50], obtained at
the OMEGA facility for 3w laser interactions with solid foils.
Further details on this model and the physics behind the LDCs
are given in the Appendix.

For the conditions at LMJ, the predicted hot electron tem-
peratures are 7.5 keV and 6.5 keV, for 3 and 6 ns laser pulse
drives, respectively. Correspondingly, we estimate peak cur-
rents on the coils of 10 kA and 20 kA. These correspond to
a seed B field between 5.5 and ~10 T at the center of the
quasi-Helmholtz system. For the rest of this paper, we will
work with a conservative value of 5 T to ensure the feasibility
of the platform.

The inductance of the proposed LDCs for LMJ is 13 nH,
twice the value of those used at OMEGA (see Appendix). This
is a limiting constraint determined by the large spatial scale of
the experiment. However, the configuration of the LMJ beams
allows us to place the two coils in Helmholtz configuration, as
shown in Fig. 2(a), which allows us to amplify the B field over
the cylinder volume.

Figure 3 shows the time evolution of the current for the two
laser pulse durations mentioned above (3 and 6 ns), together
with the current that is required for a 5 T field at the center of
the Helmholtz system (8.9 kA). Note that although the peak
current is obtained at the end of the laser pulse, owing to
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FIG. 4. Two-dimensional distribution of the seed magnetic field
across the cylinder. In this figure, the horizontal dashed lines rep-
resent the position of the coils, whereas the solid-line rectangle
corresponds to a transverse cut of the cylindrical target. The seed
magnetic field across the central region of the cylinder is uniform,
with a value of ~5.5T.

the RL-circuit behavior, after the end of the laser the current
decreases very slowly, staying relatively constant over several
nanoseconds. The beams that drive the cylindrical target are
activated at the end of the LDC drive to reach the maximum
seed B field before the main target is imploded.

Although the highest B field is obtained for a longer pulse
since the characteristic RL time is still longer than the laser
drive, it should be noted that the pulse cannot be arbitrarily
long, since there are additional physical processes that will
limit the current. If the pulse is too long, the generated shock
will break out on the opposite side of the driven plate, thus
leading to a reduction of the laser-target energy coupling.
Additionally, if the plasma between the plates becomes too
dense, it may short-circuit the coil. Besides, the laser energy
will no longer be deposited in the rear plate.

An example of magnetic field distribution is shown in
Fig. 4 for the experimental parameters described in Sec. II,
and a pulse length of 3 ns (the figure corresponds to the peak
B field obtained at the end of the laser pulse). The solid-
lined rectangle corresponds to the cylindrical target, while
the horizontal dashed lines represent the position of the coils.
A vertical lineout along the cylinder axis (vertical dashed-
dotted line) is shown for clarity on the left of the image. The
produced B field has an acceptably uniform value of ~5.5T
over the length of the central region of the target (between
the coils). This field corresponds to a wire current of 9.8 kA.
Using RADIA [53], the magnetic field can be integrated in
a volume around both coil targets to yield a magnetic field
energy of

BZ
/—dV =1.41J. (1)
210

This corresponds to a fraction of 5 x 1073 the total laser drive
energy of 27 kJ used to generate the B field.

While the rapid increase of the coil B field could give
rise to eddy currents within the target that would oppose the
generated seed B field and preheat the target, this platform is
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designed to minimize this effect. As mentioned in the previous
section, the orientation of the irradiated plates of the LDC
targets is such that the x-ray burst that will be generated will
not intersect with the target. Additionally, the laser contrast
at LMJ ensures that the intensity of the prepulse is below
~107 W /cm?, which is not sufficient to ionize the target and
generate a preplasma. For these reasons, the target should
remain an insulator during the rise time of the B field, so
no currents can be induced, and the B field can soak into the
cylinder volume.

IV. IMPLOSION HYDRODYNAMICS

To characterize the plasma evolution and measurable out-
puts from the experiment here proposed, we have performed
two-dimensional extended-MHD simulations using the code
Gorgon [9,29,54]. These simulations include radiation trans-
port, magnetized heat transport, Biermann battery, Nernst
effects, and updated forms of transport coefficients [55],
which have been shown to reduce the level of magnetic field
twisting for premagnetized implosion simulations [56]. We
have performed simulations both for a nonmagnetized implo-
sion and using a 5 T seed B field, as predicted by the model in
Sec. III (see Fig. 4).

In these simulations, a 0.3% atomic percentage of Ar has
been added to fulfill the role of the spectroscopic tracer men-
tioned in Sec. II. The addition of this dopant will lower the
overall temperature of the implosion, owing to radiative cool-
ing. This effect will depend on the initial magnetic field and
the dopant percentage, as discussed in depth in our previous
paper [29].

The laser-target configuration described in this paper
is prone to the cross-beam energy transfer (CBET) para-
metric instability due to the counterpropagating beams
crossing in a large volume and the high intensities in-
volved. To account for this effect, the MHD simulations
presented here include an artificial reduction of the laser
energy of 30%. To check this estimation of the CBET
effect, the temperature and density maps obtained from
the hydrodynamic simulations were studied with the code
IFRIT [57], including quad-by-quad interaction in the
full three-dimensional configuration at different stages of
the implosion. We found high CBET gains, with reduction in
the laser-target coupling up to ~30—40%, which validates our
first estimate.

From Fig. 2(b), it can be seen that the laser irradia-
tion pattern presents some modulations (4% axially and 6%
azimuthally) which could be amplified by CBET as well.
However, the amplification of low-mode modulations by
CBET is a second-order effect, with a much lower impact
on implosion performance than the reduction of the laser
drive itself. Furthermore, recent work on scaling cylindrical
implosions to indirect drive facilities has shown how low-
mode instabilities can be minimized [58,59], thus reducing the
effect of CBET-induced growth. For these reasons, we do not
expect CBET amplification of the laser imprint modulations
to significantly impact our implosion estimates further than
the 30 — 40% reduction mentioned above. Nevertheless, at the
moment, there are three diagnostics at LMJ that can charac-
terize the effects of CBET and further laser-plasma instability

experiments are currently undergoing, so prior to fielding this
platform, these estimates will be updated.

In addition to CBET, we expect the laser coupling to be re-
duced further owing to scattered light from stimulated Raman
scattering (SRS). Nevertheless, the hot electrons generated by
this process (~30 — 50keV) are not likely to be detrimental
to the implosion performance, since the areal density of the
imploding cylinder ((pR) ~ 7 — 10 mg/cm?) can effectively
stop electrons with energies <70 keV from reaching the core.
It is possible that more energetic electrons are generated via
the two-plasmon decay mechanism (up to ~100keV) or by
SRS in laser filaments, which could eventually preheat the
fuel, thus reducing the efficiency of the compression. How-
ever, SRS is the dominant mechanism in the long scale-length
plasmas expected in our conditions, and the laser intensity is
not high enough to lead to significant filamentation and the
associated production of high-energy hot electrons through
SRS [60].

Stagnation occurs at 3.5 ns after the start of the main
drive in both the unmagnetized case and with a 5 T seed B
field. Note that this timescale is different from that shown in
Fig. 3, since the LDCs are driven prior to the cylindrical target.
Further to this, Fig. 3 shows that, after the maximum current is
reached, the current stays relatively constant (£10%) for the
3.5 ns required to reach stagnation. The results at stagnation
time are shown in Fig. 5. In this figure, the left-side images
correspond to 2D maps of the predicted conditions, while the
right-side column shows radial lineouts through the center of
the cylinder. In the two-dimensional image, the temperature
(right) and density (left) of an unmagnetized (bottom half)
and a magnetized (top half) implosion are compared; whereas
the images with the lineouts show the radial distribution of
the compressed B field at stagnation and the mass density at
the top, and the electron temperature at the bottom for both the
magnetized and the unmagnetized cases. The dotted vertical
lines indicate the core boundary for both cases.

It can be seen how, in the magnetized case, the core is
heated up to >5keV, compared to ~1 keV in the unmag-
netized case. On the other hand, when a magnetic field is
applied, the density at the center of the core is 7 g/cm?, while
in the unmagnetized case it is compressed up to 40 g/cm?>.
The former is owed to the fact that the thermal energy losses
are reduced by magnetizing the electrons; while the latter
is a consequence of the increased magnetic pressure in the
core, as well as the fact that the thermal pressure is increased
in a hotter plasma (P o pT'). Additionally, the initial B field
of 5T is compressed up to 25 kT across the core of the target.
This corresponds to an amplification of the seed B field by
a factor ~5000, while the fuel is compressed by a factor of
(Ro/R)* ~ 10*. Note that the B field seems to be almost frozen
in the plasma flow (the magnetic flux is conserved throughout
the implosion). This is not an approximation made in the
simulations but rather a direct consequence of the fact that the
plasma compresses the B field faster than it can diffuse away.
This is characterized by a high value of the magnetic Reynolds
number, which is defined as

Ry = —, 2
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FIG. 5. Left panel: Two-dimensional r — z Gorgon simulations showing the density (left side) and temperature (right side) maps at
stagnation (3.5 ns after the start of the main drive) for the case with a 5 T seed B field (top) and the unmagnetized case (bottom). Right panel:
Radial lineouts through the center of the cylinder, of the density, electron temperature, and compressed B field at stagnation for magnetized
(blue) and unmagnetized (red) implosions. The dotted vertical lines indicate the core boundary for both cases. These simulations include
radiation transport and Biermann battery effects, along with Nernst and Hall transport.

where U is the implosion velocity and R is the plasma radius
at a given time and 7 is the magnetic diffusivity. From our
MHD simulations we calculate Ry, ~ 200.

To quantify the effect of the magnetic field on the plasma,
we use the following metrics [29]:

ﬂ _ Ifthermal ’ (3)
magnetic
Xe = WeTe, (4)

where Ppermal and Prggnetic are the thermal and magnetic pres-
sures, respectively, w, is the electron cyclotron frequency
(eB/m,), and t, is the characteristic timescale of electron-ion
collisions (0(7;3/ 2 /n., where T, and n, are the electron temper-
ature and density, respectively). With these definitions, the §
parameter indicates the relative significance of the magnetic
field for the macroscopic plasma motion (a value of 8 < 100
already means that the magnetic pressure plays a significant
role), whereas x. (the so-called Hall parameter) gives an
indication of the role of the B field on the electron energy
transport (a low x, means low magnetization).

The obtained simulation results in the stagnated core cor-
respond to B ~ 9 and x, ~ 40. This means that the magnetic
pressure in the core of the plasma is one-ninth of the thermal
pressure, and an electron, on average, does ~40 rotations

around the magnetic field line before colliding with an ion.
This indicates that a 5 T seed B field is enough to signif-
icantly magnetize the implosion, altering electron transport
(less energy losses perpendicular to the B field) and pressure
balance, thus modifying the hydrodynamic conditions of the
implosion, and of the plasma at stagnation.

The high value of yx. indicates that the electrons become
magnetized, with Larmor radius smaller than the mean-free
path. This reduces the energy transport rate due to electron-ion
collisions, which can increase electron temperature signif-
icantly above the ion temperature. This has two important
effects. First, the heat conduction becomes anisotropic since
it now occurs preferentially along the electrons’ magnetic or-
bits. This anisotropy not only modifies the temperature profile
(as seen in Fig. 5), but also the heat wave propagation, local-
izing the hot plasma in regions of stronger B field. Second,
nonlocal effects (such as the depletion of the high-energy tail
of the electron distribution) are reduced perpendicular to the
magnetic field. In addition, large azimuthal currents can be
induced, which transport magnetic and thermal energy. The
magnetic energy is converted into electron energy through
resistive diffusion and Ohmic heating. As an example con-
sequence, the large values of the Hall term indicate that the B
field itself can be twisted azimuthally owing to these induced
currents. Therefore, the experimental platform described here
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FIG. 6. Top row: Ar (left) and Kr (middle and right) K-shell emission spectra at stagnation, for both a nonmagnetized (red) and a
magnetized (blue) case. For the Kr case, the middle figure shows the He, emission region while the right figure shows the Heg lines. These
spectra have been obtained using a cylindrical radiation transport model, using the radial profiles of the plasma conditions predicted by Gorgon
(as shown in Fig. 5). Bottom row: Ar (left) and Kr (middle and right) K-shell emission spectra at stagnation for the magnetized case. The
blue line corresponds to the total intensity, whereas the green and purple lines correspond to the contributions from regions of the plasma at
temperatures below and above 2.5 keV, respectively. This shows that each element probes different regions of the core, introducing an effective
spatial resolution. The spectra include contributions from Stark and Doppler broadening, as well as the instrumental broadening corresponding

to the resolution achievable at LMJ (E/AE ~ 500).

opens the path to observing and characterizing these effects,
which is fundamental to understand this extreme magnetiza-
tion regime [29].

V. EXTRACTION OF PLASMA PARAMETERS
THROUGHOUT THE COMPRESSION

A main goal of the proposed experimental platform is to
probe the changes on the hydrodynamic conditions of the
imploding core due to the impact of the compressed magnetic
field. This can be observed by means of a spectroscopic tracer.
For instance, Ar doping of ICF implosions is commonly used
to extract the density and temperature conditions of implod-
ing cores [34,35,61-63]. This technique exploits two basic
properties of the Ar K-shell spectrum emitted from hot and
dense plasmas: (1) the strong dependence on density of the
Stark-broadened line shapes and (2) the dependence (through
the atomic population kinetics) of the relative intensity distri-
bution of K-shell lines and associated satellite transitions on
electron density and temperature. The Ar K-shell emission is,
however, sensitive to temperatures between ~600—2500eV
and, therefore, for an application to a hotter scenario, a higher-
Z spectroscopic tracer, such as Kr, suits better.

Given the large variations expected for the core conditions
in the magnetized case (see Fig. 5), to probe the conditions at
the different regions of the compressed core, we propose the
use of a combination of Ar and Kr doping in the deuterium
plasma.

As illustration, the top row of Fig. 6 shows Ar and Kr
K-shell synthetic spectra for the conditions at stagnation for
both a nonmagnetized (red) and a magnetized (blue) case.
Owing to the range of energies that these spectra cover, the
Ar K-shell emission (includingn =2 — 1,3 — land4 — 1
line transitions in He-like and H-like Ar) is shown on the left,
and the Kr He, (n =2 — 1) and Heg (n = 3 — 1) photon
energy regions are shown on the middle and right, respec-
tively. Consistently with the Gorgon MHD simulations, an Ar
atomic concentration of 0.3% in the deuterium plasma was
used. Additionally, based on the study conducted in previous
works [29,36] and to keep a low impact of Kr radiative losses
on the hydrodynamics, a 0.01% of Kr was considered. We
note in passing that groups of n =4 — 2 line transitions
in Kr ions—from Be-like to He-like—also might arise in
the Ar K-shell photon energy range shown in Fig. 6. How-
ever, mainly due to the difference on the concentrations, the
referred Kr emission becomes negligible compared to the
Ar one.
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These spectra were obtained by solving the radiation trans-
port problem in cylindrical geometry for the radial profiles
of temperature and density predicted by Gorgon, as indicated
in Fig. 5. Line of sight was assumed to be perpendicular to
the cylinder axis. The required frequency-resolved emissiv-
ities and opacities (including bound-bound, bound-free, and
free-free contributions) and atomic-level population distribu-
tions were calculated using the collisional-radiative model
ABAKO [64]. In particular, for this application we used an
updated version for multicomponent plasmas. Thus, for given
temperature and density values of the plasma mixture, the
population kinetics of the Ar and Kr tracers are solved self-
consistently, with both species sharing a common free electron
pool arising from the ionized deuterium plasma and their
own converged ionization balance [65]. The attenuation of the
core emission through the compressed shell was not explic-
itly taken into account in the radiation transport calculations
presented here. Optical depth estimations for the plastic shell
at stagnation conditions in the Ar K-shell photon energy range
suggest that a correction to account for the attenuation by the
shell—as described in Ref. [35]—might be needed to properly
analyze the spectra and extract the core temperature values.
The impact of this effect is expected to be minimum for the
higher photon energy range corresponding to the Kr K-shell
spectrum. In any case, our estimates indicate that it will be
feasible to observe the tracers’ spectra. Moreover, previous
experiments at the NIF [36,37] have observed Kr line emis-
sion in similar conditions using 64-um-thick plastic shells.

Importantly for this spectroscopic application, in an at-
tempt to obtain a faithful representation of the emergent
spectrum, reliable and detailed Stark-broadened line profiles
of the most prominent transitions are needed when performing
the radiation transport calculations. In this regard, the Stark
line shapes for the shown parent transitions in Ar and Kr—i.e.,
He,, Heg, and He,, Ly, and Lyﬂ in Ar; and He, and Heg
in Kr—were obtained by the computer simulation code SIM-
ULA [66]. In this code, the plasma is described as a collection
of independent particles trapped in a spherical box and the
statistics of relative velocities of the emitters and the perturb-
ing ions are obtained using the so-called p-ion model [67].
Calculations are then done using the no-quenching approx-
imation, i.e., field mixing between the upper (initial) and
lower (final) states was neglected due to the large energy
separation between them. Furthermore, Stark line profiles of
the associated satellite transitions with spectator electron in
n =72 and n =3 were also calculated. For satellite transi-
tions, the calculation by the computer simulation technique
becomes prohibitive due to the high number of energy states
that must be taken into account and, therefore, the required
line-shape database was obtained using a recently developed
model that follows the framework of the Stark-broadening
standard theory [68] and employs an optimized version of the
formalism and numerical methods described in Ref. [69]. We
checked that results from this line shape code agree within
>99% with those obtained using computer simulations with
static ions for some selected and affordable cases of inter-
est. It is worth noting that the Zeeman splitting of the lines
cannot be used to directly determine the compressed B field
through spectroscopic observation, since in these conditions
the Stark broadening is significantly larger (as the electron

density reaches values ~10% cm~3) and blurs the Zeeman
pattern [27]. Besides the Stark-broadening mechanism, the
spectra shown in Fig. 6 also include Doppler and instrumental
broadening. For the latter, we applied a Gaussian convolu-
tion consistent with the spectral resolution achievable at LMJ
(E/AE ~ 500).

From Fig. 6, it can be seen how the krypton acts like a
temperature gauge. From this temperature increase, the prop-
erties of the B field may be inferred, since no Kr K-shell
emission is observed in the nonmagnetized case. Note that
although the Ar emission is still present in the magnetized
case, the relative line intensities and shapes are different from
the non-magnetized case (e.g., the Ar Ly, line emission is
only noticeable in the magnetized case). This is owed to the
fact that, while in the nonmagnetized case the Ar emission
is coming from a roughly uniform plasma at ~1keV, in the
magnetized case, the Ar emission is probing a nonuniform
plasma, with temperatures up to ~2.5keV (above this value
the Ar line emission becomes weak). These changes in the line
intensity distribution can be used to extract the differences in
temperature and density when the core is magnetized.

The bottom row of Fig. 6 focuses on the magnetized case
and shows the effective spatial resolution that is obtained when
using both Ar and Kr as fuel dopants. Most of the emission
from Ar comes from regions of the plasma with electron
temperatures below 2.5keV (green lines), whereas in the Kr
spectra, the main contributions are those from regions with
temperatures above this value (purple lines). Therefore, by
looking at the corresponding spatial profiles of core conditions
at stagnation, it is clear that while the Ar dopant provides
information about the core periphery, the Kr emission allows
us to gain insight into the conditions at the core center when
the fuel is magnetized.

Owing to the capabilities of the currently available spec-
trometers at LMJ, the emission spectra can be obtained at
different times throughout the implosion, providing a tem-
poral map of the temperature and density of the plasma, as
described above. If the magnetic field is assumed to be frozen
into the plasma motion (which was shown in Sec. IV to be
a good approximation) the temperature and density values
can be used to estimate a variety of nondimensional metrics
to ultimately determine the relative importance of different
mechanisms throughout the implosion collapse [29].

Additional information can be extracted from the neutron
emission from the imploded plasma. According to Gorgon
2D simulations, a 25-fold increase in the neutron yield from
the hot spot is expected for an implosion with a 5 T seed
B field compared to a nonmagnetized implosion (~5 x 10'!
and ~2 x 10'° neutrons, respectively). This yield can easily
be detected by the neutronic detectors already available at
LMJ (where the threshold for neutron detection is ~10%) [70],
providing an additional signature of the B-field effects on the
implosion.

The implosion velocity and stability can be diagnosed with
x-ray framing cameras that collect the self-emission from the
imploding targets [19]. In LM]J, this can be done with both
an axial and radial line of sight, with time resolutions of
110 and 130 ps, and spatial resolutions of 35 and 15 um,
respectively [71]. Additionally, the PETAL beam [72] can be
used to irradiate a Cu wire to generate an x-ray backlighter and
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FIG. 7. Synthetic proton radiography image obtained with the
particle-tracing code PAFIN [79] for 14.7 MeV protons, using the
detector geometry available at LMJ. In particular, the feature that
can be observed at the right of the image around z = 0 corresponds
to the radiochromic film (RCF) holder. The magnetic field produced
by each coil leaves a characteristic bulblike feature on the image,
and distorts the imprint of the reference mesh (a dashed black circle
has been added to point out one of these bulbs). The spatial scale
units on the figure correspond to those measured at the detector, so
the coils’ dimensions are magnified by a factor of M. = 16 ensuing
proton probing point projection.

observe the radial profile of the target through x-ray radiogra-
phy. This is a common technique used in indirect-drive ICF to
diagnose the stability and symmetry of the implosion [73,74].

Finally, diagnosing the seed magnetic field is crucial for
understanding the conditions of the experiment. For this pur-
pose, we propose the use of proton deflectometry, in a shot
with no gas cylinder (only coil targets), using the PETAL
beam [72] to produce and accelerate protons up to 51 MeV,
via the target normal sheath acceleration mechanism [75]. By
placing a reference mesh in the protons’ path and recording
the imprint of the beam after it traverses the region between
the coils, it is possible to obtain an image of the deflections
caused by the electric and magnetic fields around the coil
targets. Although axial probing of the coil targets (that is,
sending the protons along the axis of the coils) has been
discussed as an accurate method to characterize the generated
B field [42,76], owing to the large size and inductance of the
targets presented here, the B field signatures that would appear
in on-axis radiography are indiscernible with the resolution
available at LMJ [77]. For this reason, we propose probing
the targets perpendicular to their axes [27,76,78].

Figure 7 shows a synthetic example image of the ex-
pected proton radiography results, obtained with the code
PAFIN [79] for 14.7 MeV protons. In this case, the proton
source is 10 mm away from TCC, the reference mesh has a

periodicity of 600 lines/inch and is placed at 3 mm from the
source. The detector is placed at 150 mm from TCC, which re-
sults in a system magnification of the coil region of M, = 16,
while the mesh magnification is M,, ~ 53. Additionally, the
geometry of the radiochromic film (RCF) proton detectors at
LMIJ has been used. This can be seen as the 95-mm-diameter
circular mask and the white feature at » ~ 40 mm, z ~ O mm
(which corresponds to the position of the RCF holder). To
produce this figure, a current of 9.8 kA looping through the
coils is assumed, which corresponds to the peak current ob-
tained with the model introduced in Sec. III and detailed in
the Appendix, for a 3 ns square pulse with an intensity of
4 x 10 Wem™ (as described in Sec. II). The electrostatic
charge accumulated in the targets can be estimated to be of the
order of few nC. Given the size of the laser-driven coil targets
presented here, the resulting charge density is sufficiently low
so electrostatic effects cannot be discerned in the proton radio-
graphy images. It can be seen how there is a clear imprint of
the magnetic field around the coils on the proton image (this is
magnified to z = £8 mm on the detector, which corresponds
toz = £0.5 mm on target). In particular, we have marked with
a dashed black circle a characteristic bulblike void feature,
which is indicative of a B field sufficiently strong to deflect
all protons around that region. Its dimensions can be used to
quantify the B field generated by the coil discharge current.

VI. CONCLUSIONS AND FUTURE WORK

We have presented an experimental platform design for
studying magnetized cylindrical implosions at LMJ. We pro-
pose the use of laser-driven coil targets to generate an initial
5 T B field along the axis of the cylinder. Eighty of the LMJ
beams will be used to compress the cylindrical target, while
eight additional beams will be used to generate the B field.

The laser-driven coil targets have been modeled following
the diode model by Tikhonchuk ef al. [26], suggesting that
a fairly uniform seed B field of ~5—12T can be achieved
over the central 1 mm region of the cylinder. This magnetic
field can be experimentally diagnosed by means of proton
radiography using the PETAL laser.

We have presented a hydrodynamic analysis of the con-
ditions achievable during the implosion and how they are
modified by the magnetic field, as it gets compressed with
the target. It has been shown that the initial B field value
can be compressed up to >10 kT, in a manner which is
consistent with the magnetic field being frozen in the plasma
flow, as a consequence of the high magnetic Reynolds number.
Extended-MHD simulations show that the temperature and
density of the plasma at stagnation are heavily affected by
the presence of the magnetic field. By doping the fuel, the
effects of the magnetic field can then be detected using x-ray
spectroscopy.

Besides x-ray spectroscopy, we have proposed a set of
diagnostics and their setup to characterize the evolution of the
implosions and the evolution of the magnetic field. This setup
can be directly implemented in the LMJ facility without the
need for further development.

Future work includes improving both the performance and
understanding of the coil targets, particularly for the poorly
explored parameters of the LMJ laser drive (i.e., ~10kJ at
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3w). We expect to benchmark the scaling laws used to estimate
the hot electron generation from the laser-target interaction at
different laser intensities and particularly for 3w light. Parallel
experimental efforts using lasers of more modest energies
are currently being made toward simultaneously measuring
the plasma density and the self-generated B fields close to
the irradiated plate to characterize the currents that appear in
the plasma. Measuring the target stalk leakage current as well
as the plasma impedance between the plates will also help us
to understand the operation of the targets and the time limita-
tions before shorting the coil circuit. Furthermore, recent ad-
vances in x-ray characterization techniques will allow for ex-
perimental probing of the wire surface plasma sheath, resolv-
ing the spatial distribution and time evolution of the current.

A comprehensive study of CBET mitigation techniques
will be performed. It is expected that using lower intensity,
longer drive pulses with the same energy, and adapting the tar-
gets to achieve similar compression ratios might significantly
reduce the CBET impact on the laser-target coupling.

Prior to LMJ experiments, the analysis of recent simi-
lar experiments at OMEGA will be used to benchmark the
hydrodynamic simulations and study the relative weights of
different transport mechanisms prior to these experiments to
produce more accurate predictions.

As mentioned in the Introduction, one of the points of
interest of applying a magnetic field is the confinement of o
particles within the core. While not the purpose of this plat-
form directly (and not yet possible at LMJ), implosions using
DT fuel might as well be investigated. For the values pre-
sented in this paper, the Larmor radius of the o particles
would be larger than the compressed core, resulting in not
a significant radial confinement. However, « particles would
still be confined along the axis of the cylinder, similarly as
in MagLIF experiments, given that their mean-free path is
smaller than the length of the cylinder. An estimate of this ax-
ial confinement is given by the aspect ratio of the compressed
core (R/L, radius over length). Following the results presented
in this paper, we can estimate a loss fraction of ~1.3% for the
« particles along the axis of the cylinder, which is comparable
with MagLIF experiments, where this ratio is of the order
of 1% [80]. Further in the future, LMJ is expected to reach
energies above 1 MJ. In this case, it will be possible to drive
larger targets, yielding a core radius at stagnation larger than
the Larmor radius of « particles for a convergence ratio similar
to the presented setup.

The results from these experiments will help benchmark
the different electron transport and B-field advection and dif-
fusion models used in MHD codes, thus leading to a more
accurate understanding of the different mechanisms affect-
ing the hydrodynamic evolution of highly magnetized HED
plasmas.
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APPENDIX: MODELING AND BENCHMARKING
THE B-FIELD GENERATION IN LDCs

When a LDC target is irradiated by a focused laser beam,
initially, a plasma is generated close to the surface of the
irradiated plate. While this plasma has not reached the sec-
ond plate, the vacuum electron current between the plates is
space-charge limited by the charge that builds up on each
plate. When the expanding quasineutral plasma reaches the
outer plate, which depends on the plasma fast ion veloc-
ity, the charge within the plasma is compensated and the
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FIG. 8. Schematic design of the experimental setup used at
OMEGA, showing the LDCs and the D*He sphere (light blue in the
figure), as seen from the CR39 detector.

potential well close to the interaction plate is strongly reduced.
Hot-electron ejection is facilitated and super-Alfvenic ejection

currents can be established as the plasma supports a coun-
terpropagating return current. In addition to the space-charge
limit, the forward-going current will generate an azimuthal
magnetic field that will pinch the plasma between the plates.
This magnetization limit depends, among other variables, on
the temperature and number of hot electrons.

These two limitations determine the I-V characteristic of
the RL circuit [26,81] and, unless the characteristic time t ~
L/R (with R and L the circuit resistance and inductance) is
reached before the end of the laser pulse, the looping current
can increase while the laser keeps irradiating the plate and
feeding the system with hot electrons.

The current evolution, /(¢), can be computed by solving the
following equation:

dl
V=L—+ [Zs + R, (AD)
where V is the diode potential, Z; is the plasma impedance
between the plates (which accounts for both the space-charge

Soee 3 MeV

(c)

(d)

FIG. 9. (a), (c) Example of the obtained proton deflectometry images for 3 MeV and 14.7 MeV protons, respectively. (b), (d) Corresponding
synthetic radiographs produced with the code PAFIN. These synthetic images include currents looping through the targets of 6.5 kA and 8 kA,
respectively, as well as additional static toroidal charge distributions around the coils of +4.5nC and 48 nC, respectively.
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TABLE I. Results obtained at OMEGA for the two different proton energies, compared with the predictions from the diode model. The
last column includes the minimum and maximum currents predicted within the time uncertainty of the measurements.

Proton energy (MeV) Time (ns) Measured current (kA) Predicted current (min.—max. in kA)
14.7 1.50 +0.15 8§+2 (10.8-11.9)
3 1.73£0.15 6.5+2 (11.4-11.8)

and magnetization limits of the plasma diode), and R(¢) is
the resistance of the external circuit (the coil wire). Most
of the system’s dynamics are accounted for by the tran-
sient resistance in Eq. (A1), which evolves following the [-V
characteristic, as a function of the wire temperature. The in-
ductance stays relatively constant for the duration of the laser
pulse, given the low expansion velocity of the wire (of the
order of 10 um/ns, as measured by Santos et al. [27]).

Once the current evolution /(¢ ) has been calculated, the 3D
spatial distribution of the B field at any time #y can be com-
puted for /(#p) using a magnetostatic code, e.g., RADIA [53],
to which the detailed three-dimensional design of the entire
LDC has been previously imported.

There are various physical mechanisms associated with
our laser-driven coil platform which cannot be accounted for
using such an heuristic plasma-diode model of magnetic field
generation. Complications may arise from dense plasma that
bridges the target plates and short-circuits the coil, driving
the outer plate by prompt x-ray emission from the interaction
region, early destruction of the drive plate or deposition of
the laser energy in the blow-off plasma before it reaches the
solid target. Maintaining a static current and B field over the
course of a ~3 ns laser-irradiation time must therefore be seen
as a source of risk in these multi-kJ experiments, but previous
results on the OMEGA laser, obtained in conditions similar to
those at LMJ, give us grounds for optimism.

At OMEGA, we fielded a similar configuration to the one
proposed in this paper for LMJ, using a pair of LDCs with
750-um-radius parallel coils, separated by 2.5 mm (this ge-
ometry was constrained by the geometry of the OMEGA
beams). The inductance of each of the targets was 6.5 nH.

Magnetic fields inside the LDCs were characterized using
a D3He exploding pusher proton source for deflectome-
try measurements at two different energies, 3 MeV and
14.7 MeV [82]. Each target was driven simultaneously by
independent 3w laser beams of 2 kJ energy and 1.5 ns duration
focused to 10'® W/cm?. This corresponds to an estimated hot
electron temperature of 7, ~ 16keV [26]. Figure 8 shows a
schematic drawing of the configuration of the LDC targets at
OMEGA, together with the D*He capsule as viewed from the
proton deflectometry detector.

Figures 9(a) and 9(c) show an example of proton radiogra-
phy results for 3 MeV and 14.7 MeV, respectively. Accounting
for the respective proton energies and the delay between the

laser drivers of the LDCs and the pusher, the corresponding
probing times are 1.73 +0.15ns and 1.5 &+ 0.15 ns, respec-
tively, with respect to the start of the drive beams. The coil
plane was imaged into a CR39 detector with a magnification
of M. = 16 (the spatial scale given in each image corresponds
to the detector plane).

Teardrop-shaped pinch and void structures are visible
around the coils, characteristic of multi-kA currents. We
measured the currents and charges present in the LDCs by
fitting these images to synthetic radiographs obtained with
the particle-tracing code PAFIN [79]. An example of these
simulations, is shown in Fig. 9(b) for 3 MeV protons, and
Fig. 9(d) for 14.7 MeV protons. These radiographs include
a current flowing through the targets (6.5 and 8 kA, respec-
tively) and a toroidal static charge distributed around the coils
themselves (+4.5 and +8 nC, respectively). The values of
both the current and the charge were adjusted iteratively to fit
the CR39 data. Note that the features observed in the bottom
left corner of the experimental images are not captured by
the synthetic radiographs. These features correspond to the
plasma between the plates of the LDCs, which is not included
in the particle-tracing PAFIN simulations.

While the value of the current has an effect on the size of
the inner proton void in the images, this current alone cannot
reproduce the outer caustic feature (the halo around the voids),
since this is an effect of the electrostatic charge. These two
features (void and halo size) can therefore be used to adjust
the current and static charge in the targets separately, with an
error of ~2 kA, arising mostly from uncertainties in the target
geometry. Table I shows the measured currents for both proton
energies, compared with the predictions from the described
diode model. It can be seen that the model agrees with the
measurements (considering the error bars) within 30%.

If the current path was significantly deviated from the wire
loop, this would still be apparent from the perpendicular ra-
diographs. Additionally, our targets are designed to minimize
the ingress of plasma into the coil region, whether from x-ray
photoionization or from the laser focal spot. Moreover, we
do not observe extended outer voids or bubbles that could be
interpreted as a return current flowing through a surrounding
plasma [83].

These results show that currents of order 5—10kA can
be driven in mm-sized coils using 3w light with ns-duration
pulses, and give us ground for optimism.
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