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In laser-produced high-energy-density plasmas, large-scale strong magnetic fields are spontaneously generated
by the Biermann battery effects when temperature and density gradients are misaligned. Saturation of the mag-
netic field takes place when convection and dissipation balance field generation. While theoretical and numerical
modeling provide useful insight into the saturation mechanisms, experimental demonstration remains elusive. In
this letter, we report an experiment on the saturation dynamics and scaling of Biermann battery magnetic field in
the regime where plasma convection dominates. With time-gated charged-particle radiography and time-resolved
Thomson scattering, the field structure and evolution as well as corresponding plasma conditions are measured.
In these conditions, the spatially resolved magnetic fields are reconstructed, leading to a picture of field saturation
with a scaling of B ~ 1/Ly for a convectively dominated plasma, a regime where the temperature gradient scale

(L) exceeds the ion skin depth.
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Understanding the saturation mechanisms in magnetic field
generation is a challenging undertaking essential to basic
plasma physics. The generation, transport, and dissipation of
spontaneous magnetic fields in plasmas are important physics
issues fundamental to a large variety of frontier research areas
from astrophysics [1,2] to laboratory plasmas [3-5]. In these
environments, large-scale magnetic fields are self-generated
when there are misaligned plasma temperature and density
gradients (0B/dt o« VT, x Vn,), called the Biermann bat-
tery effect [6]. The Biermann fields are thought to be the
critical seed fields responsible for magnetizing astrophysi-
cal background and affecting the structure and dynamics of
many important astrophysical phenomena [1,2]. In laboratory
experiments, such fields can be generated by laser-plasma
interactions [5,7-11] which have important implications in
broader research areas, including inertial confinement fu-
sion [12,13] and scaled laboratory studies of astrophysical
systems [14-17].

Plasmas produced by lasers impinging on solid material
have high temperature and density and as a result are typically
in the regime labeled high-energy density (HED), generally
defined as pressure > 1 MBar. In a two-fluid plasma model,
the dynamics of the large-scale spontaneous magnetic fields
are described by combining the Faraday equation with the
generalized Ohm’s law [5,18-20]:

0B c(VT, x Vn,) net s
— =T A VXx(VvxB) = —V?B, (1)
ot en, 4

where v is fluid velocity, n o« Z InA 7,7¥? is plasma resis-
tivity, and n, and T, are electron density and temperature,
respectively. While several physics processes act as sources
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and sinks for spontaneous magnetic fields in plasmas, outlined
in Eq. (1) are the dominant factors in the nonrelativistic hy-
drodynamic approximation. Authors of previous work [5,20]
provided justification for ignoring terms related to high-
intensity effects which manifest in short pulse (< 100 ps)
lasers. The first term on the right in Eq. (1) is the previously
mentioned Biermann battery source term. The sinks are due
to fluid convection (second term) and the resistive dissipa-
tion (third term). The saturation of spontaneous magnetic
fields in plasmas results from balancing of these physical
processes, leading to a quasi-equilibrium state where the
global field ceases to grow. To evaluate their relative contribu-
tions, the resistive term compares with the convection term as
(nc? /4w vL) [5,18-20] (~ 1073 for low Z, 1 keV plasmas with
length scale = 1 mm). The Hall term is excluded from Eq. (1),
as it is small in comparison with fluid convection: (% )(”7*‘) <
1 (where the length scale can be L ~ Ly =T,/vVT,, the
temperature scale length; d; = c¢/wy; is the ion skin depth).
Because the plasma expansion velocities are supersonic and
since B o (¢s/va )2 > 1, the velocities are also superalfvenic,
and thus, the Hall term is insignificant.

Theoretical modeling by Haines [5,20] and numerical sim-
ulation by Schoeffler ef al. [18,19] laid a universal diagram
of saturated magnetic field vs the normalized length scale,
as illustrated in Fig. 1, indicating different physical regimes
from the resistive (Lt/d; = 1) to the convective (Lt/d; = 1)
and a kinetic regime where kinetic instabilities contribute to
field generation (Lr/d; > 1). For typical HED plasmas, fluid
convection dominates the structure and dynamics of the mag-
netic field when the normalized temperature gradient length
scale Ly /d; is greater than unity. Considering the magnetic
fields frozen in the plasma and convected with the plasma

©2022 American Physical Society


https://orcid.org/0000-0002-3498-8040
https://orcid.org/0000-0001-5581-7219
https://orcid.org/0000-0001-9303-2949
https://orcid.org/0000-0001-8682-1480
https://orcid.org/0000-0002-7315-3636
https://orcid.org/0000-0002-6919-4881
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.105.L063202&domain=pdf&date_stamp=2022-06-27
https://doi.org/10.1103/PhysRevE.105.L063202

G. D. SUTCLIFFE et al.

PHYSICAL REVIEW E 105, L063202 (2022)

Resistive Convective Kinetic
\‘\ /// Convective/Kinetic
1 =< Transition regime
< 1/L
B 5‘1 small scale
« 72
VHoPe oL weibel (PIC)
& constant
1
10 P
&7
fesce
€ 4>
Ie"b
Q,,,]
L 1 10 100
10 L —

T
dr The presented
experiment

FIG. 1. Universal diagram of normalized, saturated magnetic
fields (o< B~1/2) vs the normalized length scale (Ly/d;) plotted at
different regimes from the resistive (Ly/d; < 1) to the convective
(L7 /d; = 1) [5,20] and the kinetic (L7 /d; >> 1) [18,19]. Note that
the ratio of specific heats is taken to be 1 because the electrons are
isothermal. The presented experiments are in the transition region
from convective to kinetic (L /d; ~ 5-20).

flow (v x B) with an approximate expansion velocity, i.e.,
v & Cj, the balance of convective loss with the generation of
Biermann field leads to [5,20]

B— 1 mikﬂ, (2)
T LN Ze?

This scaling is consistent with predictions by particle-in-
cell simulations [18,19]. While previous laboratory experi-
menters have observed magnetic fields and used simulations
to argue the relevant mechanisms in field generation and
transport [8,11,21,22], no experimenters have systematically
measured the scaling of normalized field strengths as a
function of system length scale. Theoretical and numerical
modeling have provided useful insight into the saturation
mechanisms, but experimental demonstration remains elu-
sive and largely as speculation. Among many difficulties still
in controlled laboratory experiments, creating plasmas with
the relevant parameter range and scales in a unique physics
regime is an extremely difficult undertaking. In addition, di-
agnosing and quantitatively characterizing the plasmas and
magnetic fields is quite challenging, requiring advanced tech-
niques that were previously limited. Consequently, authors
of previous work often focused on single-shot experiments,
lacking a coverage of the spatially and temporally resolved
dynamics of the saturated magnetic fields in a relevant physics
regime.

In this letter, we report an experiment on the dynam-
ics and scaling of the saturation of spontaneously generated
magnetic fields in laser-produced, high-thermal-8 HED plas-
mas. The experiments, using state-of-the-art diagnostics such
as charged-particle radiography [8,23] and time-resolved
Thomson scattering [24,25], have provided quantitative infor-
mation to model the field saturation in convection-dominated
plasmas.

The spatially resolved magnetic fields are numerically
reconstructed from proton radiography data, leading to a
quantitative physics picture of field saturation with a scaling
of B ~ 1/Lr for a convectively dominated plasma, a regime
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FIG. 2. Schematic diagram of experiment setup. The CH foil
is driven by several OMEGA laser beams, with 2 kJ total energy.
A charged particle backlighter is driven by the remaining beams
of the OMEGA laser. Monoenergetic fusion products with an ap-
proximately uniform spatial distribution [20] from the backlighter
stream through the plasma where they are deflected by fields and
scattering and then are recorded on a CR-39 detector. The fluence
of charged particles on the detector encodes the spatially resolved
deflection field experience by the particles in the plasma, allowing
for the line-integrated magnetic field to be inferred [8,23].

where the temperature gradient scale length modestly exceeds
the ion skin depth (Lt/d; > 1).

The experiments were conducted on the 60-beam, 30-kJ
OMEGA laser [26]. Figure 2 depicts the schematic experi-
mental setup. The subject plasma is generated as laser drive
beams impinge on a 25-pum-thick polystyrene (CH) foil. The
351 nm wavelength laser drive is in one of two configura-
tions: 2 (or 1) TW of laser power distributed among four
(or six) 500-J beams, with 1 (or 3) ns duration. Each beam
utilized a phase plate to uniformly distribute the pulse en-
ergy over a super-Gaussian spot with radius 400 um. An
implosion-based charged-particle backlighter filled with a
deuterium-tritium-helium-3 gas mixture (DT3He) [20] was
driven with 40 of the beams. Relative timing between back-
lighter and the subject laser drives was adjusted to probe
the subject at different times. Particles are produced over a
duration of < 100 ps [23], dictating the temporal resolution
of the radiography system, and the probe times are chosen
to be between 0.2 and 2.5 ns after the start of the subject
drive. Figures 3(a)-3(c) show some of the monoenergetic
charged-particle radiographs taken at different times with
3-MeV protons, 9.5-MeV deuterons, and 15-MeV protons,
products of the d +d—3H+ p(3MeV), t+*He—*He +
d(9.5MeV), and d+>He—*He + p(14.7 MeV) reactions, re-
spectively [23].

Shown in Figs. 3(d)-3(f), the corresponding spatially re-
solved magnetic fields are reconstructed with an advanced
algorithm [27-30], allowing for the quantification of the
details of magnetic field distribution and strength. The algo-
rithm solves for the optimal transport of the initial particle
flux to the observed particle flux (as recorded by the radio-
graph) outputting a spatially resolved deflection field. Under
the assumption that the dominant mechanism for deflection
is the magnetic component of the Lorentz force, the mag-
netic field is then retrieved. This technique for interpreting
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FIG. 3. (a)—(c) Charged particle radiography data and (d)—(f) numerical magnetic field reconstructions from a representative shot (OMEGA
shot 95103). Data are arranged in columns by particle species: (a) and (d) D3He protons, (b) and (¢) T*He deuterons, and (c) and (f) DD protons.
The units and colormap for the reconstructions are the same for all three reconstructions, which show the path-integrated magnetic field in
MG:-um. Radiograph detectors are 10 x 10 cm squares, corresponding to a 4 x 4 mm field of view at the plasma subject and are normalized to
the maximum measured particle fluence, which differs by particle species. The average particle fluences are 3.5 x 10*/cm?, 4.9 x 10° /cm?,
and 1.3 x 10*/cm? for the D*He protons, T*He deuterons, and DD protons, respectively. In the radiograph, dense (sparse) regions imply
an accumulation (rarefaction) of particles which are interpreted into a spatially resolved map of particle deflections through an algorithm
solving for optimal transport of the particles. The variation between magnetic field maps measured by each particle depends somewhat on
time-of-flight evolution between particles and the degree to which deflections are not caused by magnetic fields. Scattering in plasma, for
example, leads to the additional blurring in feature sizes, (c) and (f) particularly the DD-proton radiograph and reconstruction, (b) and (e)
while low statistics contribute to the lack of feature sharpness in the T>He deuteron radiograph and reconstruction. Because blurring from
scattering in the DD-proton images is much stronger than in the other radiographs, the peak magnetic fields from DD protons are not used in

the final scaling analysis but still provide corroboration of plasma bubble expansion velocity.

charged-particle radiography data is becoming common-
place [16,17,31-34].

It is important to point out that the self-generated spon-
taneous electric field in these proton images can be largely
ignored. In earlier experiments, in which protons in a face-on
geometry probed Biermann-generated fields simultaneously
in both parallel and antiparallel directions [35-37], authors
quantitatively demonstrated that the deflections of protons in
a face-on probe geometry are insensitive to the electric field.

Several characteristic features shown in the reconstructed
images include, first, the circulating Biermann fields which
are concentrated in the edge of the plasma bubble, a con-
sequence of the large temperature gradients occurring at the
bubble edge, and second, that the fields are convected with the
plasma bubble expansion, suggesting fluid convection domi-
nating the field transport and indicating the physics processes
described in Eq. (1) are sufficient to explain the data to the
first order. Considering a typical particle probe pathlength
approximately equal to the bubble shell thickness with ~100
pm, the peak values of the inferred magnetic fields from these
images [Figs. 3(d)-3(f)] are extracted and plotted as a function

of time in Fig. 4. It is shown that, in the period until ~0.6 ns,
the magnetic field grows rapidly because of the quick plasma
heating and large gradients while the laser drive is on. The
continuous increase in plasma temperature and plasma bubble
expansion leads to the formation of large temperature gradient
(VT,) and density gradient (Vn,), resulting in magnetic field
generation (Vn, x VT,) which exceeds the field convection.
In the meantime, the increasing temperature results in the
reduction of the plasma resistivity, and therefore, the resis-
tive dissipation of fields is negligible. At the time ~0.6 ns,
the magnetic fields reach their peak value and turn to decay
as the overshooting field is balanced by the field transport
through convection. As the plasma bubble accelerates (up to
~1000 km/s, as seen in proton radiographs and FLASH hy-
drodynamic simulations [38,39] with parameters matching the
experiment), the enhanced field convection balances the field
generation in the times of ~1.0-2.5 ns, eventually reaching a
quasi-equilibrium [Vn, x VT,/en, ~ V x (v x B)], where
the measured field strength saturates. The physics processes
are taking place on hydrodynamic timescales (subnanosec-
ond) consistent with convection mechanisms.
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FIG. 4. Time evolution of the peak magnetic field inferred from
each of the shots in the ensemble. The peak magnetic field is obtained
by azimuthally averaging the reconstructed path-integrated magnetic
field maps and choosing the largest value. To convert path-integrated
field to field, the transverse length over which the field exists is
assumed to be 100 um, a scale corroborated by simulations and
previous experiments in the same geometry [11]. In early measure-
ments (0-0.6 ns), plasma conditions have large gradients (and thus
Biermann source term), and the magnetic field rapidly grows until
it reaches a peak and then decays (0.6—1.0 ns) as the overshooting
field is balanced by the field transport, leading to reach a quasi-
equilibrium and saturation (1.0-2.5 ns).

To quantify the spatially and temporally resolved plasma
conditions, time-resolved 2w Thomson scattering [8,25]
measurements were conducted. In these measurements, the
Thomson volume is a small cylinder ~100 um long and
50 pum in diameter. Shown in Figs. 5(b) and 5(d) are the
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FIG. 5. Thomson scattering data at different locations in the
plasma. The beam focus is ~800 um in diameter. The three difter-
ent measurement points (a single measurement point per shot) are
laterally separated from the focus center by 1000, 1000, and 1500
pm and vertically separated from the foil surface by 500, 1000, and
500 pm, respectively. (b)—(d) Electron density (blue, right axis) and
electron temperature (red, left axis) are extracted from the electron
plasma wave contribution to the Thomson scattering spectrum. The
temperature and density histories are collected in 1 ns streaks on sep-
arate shots; an example of evidence of shot-to-shot reproducibility
can be seen in (b), where both the temperature and density traces are
continuous despite the early time (0.8-1.8 ns) and late time (2.0-3.0
ns). (c) The measurement of temperature at two different locations,
from which the temperature gradient scale length can be directly
measured.

measured evolutions of electron temperature and density at
different locations.

Furthermore, by performing Thomson scattering measure-
ments at two selected locations separated by 500 pm distance
perpendicular to the laser drive, the electron temperature
gradient is directly measured. The values of the electron
temperature and separation distance are used to extract the
temperature gradient as a function of time, which is found to
be 750 £ 150 um and is largely time independent. This scale
length is to be expected, as it is of a similar order of the laser
spot diameter (~800 pum), and it is the laser which imposes
the temperature gradient.

The data are converted to normalized quantities for the
sake of comparison with theoretical predictions. The mag-
netic field, as measured by proton radiography, is normalized
to the plasma pressure measured by electron plasma wave
Thomson scattering. The temperature gradient length scale
is normalized to the ion inertial length, both measured by
Thomson scattering. The proton radiography measurements
of peak magnetic field do not happen exactly when and
where the Thomson scattering measurements are taken. To
make the analysis simulation agnostic, a simple model was
constructed to extrapolate the Thomson measurements away
from the probe locations. For each data point in normalized
quantity space, the location and measurement time of the peak
magnetic field are extracted from proton radiography. The
Thomson scattering data are interpolated at that location and
time using a model of the plasma bubble evolution. The model
uses the bubble velocity as observed in proton radiography to
self-consistently relate the arrival time of Thomson data fea-
tures at the Thomson probe location to radiography locations.
The model is as follows:

n(r,t):nTs(t B r—vbl’Ts)<r$)Vn’ (3)
T =Tis(t - - _vbrTS)(rTTS)”, @)

where the parameters are the bubble velocity vy, the expo-
nent relating density measurements at different points y,,, and
the exponent relating temperature measurements at different
points yr. The position of the Thomson volume is rrs. Be-
cause the Thomson data were collected at multiple locations,
the exponents y, and yr are found by applying the model to
the data of one location to transform it to the other location
and tuning the exponent until both datasets match. The values
of v, are found to be ~300 and 1200 km/s from proton radio-
graphy data for the 1 and 2 TW laser power configurations,
respectively. The exponents y, and yr are found to be 1.3 and
1.5 regardless of laser power. See Supplemental Material for
further discussion of this model [40].

Figure 6 shows the normalized spontaneous magnetic field
(B//1toP, = B~'/?) as a function of the normalized tempera-
ture scale length (L7 /d;) with a fit to a power law. It is shown
that the Biermann field scales as B~/2 ~ (L /d;)~ 071047,
in the regime with Ly/d; ~ 5-20. Given the uncertainty
in the exponent of +0.47, this value is consistent with the
scaling predicted by theory [Eq. (2)] and particle-in-cell sim-
ulations [18,19], quantitatively demonstrating the saturation
dynamics and scaling of the spontaneous magnetic field due to
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FIG. 6. The normalized magnetic field (B o« B~'/?) vs the nor-
malized length scale ( L ~Ly /d;) is plotted with the best fit to
a model B = AL* (black solid line). The fit is consistent with a
relation of B ~ 1/Ly within uncertainty, indicating that convection
is dominant process of field saturation as predicted by the theoretical
modeling [5] and numerical simulation [18,19].

plasma convection in a high-thermal-g, laser-produced HED
plasma.

That the measured exponent (~—0.71 £ 0.47) deviates
from unity in this set of experiments is attributed to the plas-

mas being in a transition region between different regimes
(from convective to kinetic), as shown in Fig. 1 with Ly /d; ~
5-20. In this transition regime, magnetic fields are generated
by both large-scale Biermann effects and small-scale ki-
netic instabilities, such as electron Weibel instability [18,19],
and consequently, the scaling is some combination of the
Biermann-convective saturation (B o< Ly 1y and the saturated
Weibel scaling (B Lg).

In summary, we have performed experiments to quantita-
tively demonstrate the scaling of the spontaneous large-scale
Biermann magnetic fields in laser-produced HED plasmas.
We have shown that, in the regime, with normalized scale
length Ly /d; > 1, the observed saturation scaling is consistent
with B ~ 1/Ly, the scaling which predictions by theoretical
modeling and particle-in-cell simulations show would result
from the balancing of Biermann fields by fluid convection. In
this letter, we provide confirmation of the physical insight into
the fundamental physics of magnetic field saturation in plas-
mas and motivate further study of field saturation in broader
regimes, such as turbulence/resistively dominated regimes
with Ly /d; < 1 and Kinetic regimes with Ly /d; >> 1 where

~

other magnetic field generation mechanisms can play a role.
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