
DOE award number: DE-SC0010621

Title: Vlasov-Fokker-Planck modeling of magnetized plasma

PI: Alexander Thomas, agrt@umich.edu, 734 763 6008

Recipient Organization: University of Michigan, 2074 Fleming Administra-
tion Bldg. Ann Arbor, Michigan 48109-1318, United States of America

Project/Grant Period: Sep 2013 - August 2016.

Reporting Period End Date: August 2016. Reporting: Final

1



1 Executive Summary

Understanding the magnetic fields that can develop in high-power-laser in-
teractions with solid-density plasma is important because such fields signif-
icantly modify both the magnitude and direction of electron heat fluxes.
The dynamics of such fields evidently have consequences for inertial fusion
energy applications, as the coupling of the laser beams with the walls or pel-
let and the development of temperature inhomogeneities are critical to the
uniformity of the implosion and potentially the success of, for example, the
National Ignition Facility.

To study these effects, we used the code Impacta, a two dimensional,
fully implicit, Vlasov-Fokker-Planck code with self-consistent magnetic fields
and a hydrodynamic ion model, designed for nanosecond time-scale laser-
plasma interactions. Heat-flux effects in Ohm’s law under non-local condi-
tions was investigated; physics that is not well captured by standard numer-
ical models but is nevertheless important in fusion related scenarios. Under
such conditions there are numerous interesting physical effects, such as col-
lisional magnetic instabilities, amplification of magnetic fields, reemergence
of non-locality through magnetic convection, and reconnection of magnetic
field lines and redistribution of thermal energy. In this project highlights
included the first full scale kinetic simulations of a magnetized hohlraum
[Joglekar 2016] and the discovery of a new magnetic reconnection mecha-
nism [Joglekar 2014] as well as a completed PhD thesis and the production
of a new code for Inertial Fusion research.

2 Accomplishments

In our code, Impacta, the Vlasov-Fokker-Planck (VFP) equation, is solved
together with Ampere’s and Faraday’s Laws to describe the plasma. We
use a Cartesian tensor expansion, with the distribution function expanded
as f(t, r,v) = f0 + f1 · v̂ + f

2
: v̂v̂ + . . . This expansion can be truncated

in a collisional plasma, as collisions tend to smooth out angular variations
in the distribution function, resulting in a close to isotropic distribution in
the centre of mass frame, represented by f0. Higher orders are successively
smaller perturbations, f2 � f1 � f0 etc. Using the Lorentz gas approxima-

tions, electron-ion collisions appear in the equation describing the evolution
of f1 in the ion center-of-momentum frame as an effective collision frequency
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We have demonstrated a new magnetic reconnection mechanism relevant
to the walls of a hohlraum due to heat fluxes, using our 2D fully implicit
Vlasov-Fokker-Planck code, IMPACTA. This was published in Physical Re-
view Letters in March (A. Joglekar et al, Phys. Rev. Lett. 112, 105004,
2014). A longer follow up paper on the physics is in preparation for publi-
cation. In addition, we have developed a ray tracing package to the code for
modeling long pulse laser interactions, based on the Boris algorithm. This
allows to, for the first time, model inverse brehmsstrahlung heating of the
plasma with the inclusion of self-consistent laser evolution to obtain accurate
heating at the critical surface at the walls of a hohlraum.

Understanding the O (102) T magnetic fields that can develop in high-
power-laser interactions with solid-density plasma [Stamper et al.(1971)Stamper,
Papadopoulos, Sudan, Dean, McLean, and Dawson, Borghesi et al.(1998)Borghesi,
Mackinnon, Gaillard, Willi, Pukhov, and Meyer-ter Vehn, Kingham and
Bell(2002), Tatarakis et al.(2002)Tatarakis, Watts, Beg, Clark, Dangor, Gopal,
Haines, Norreys, Wagner, Wei, Zepf, and Krushelnick, Wagner et al.(2004)Wagner,
Tatarakis, Gopal, Beg, Clark, Dangor, Evans, Haines, Mangles, Norreys, Wei,
Zepf, and Krushelnick] is important because such fields significantly modify
both the magnitude and direction of electron heat fluxes [Braginskii(1965)].
The dynamics of such fields evidently has consequences for inertial fusion
energy applications [Rygg et al.(2008)Rygg, Seguin, Li, Frenje, Manuel, Pe-
trasso, Betti, Delettrez, Gotchev, Knauer, Meyerhofer, Marshall, Stoeckl,
and Theobald, Glenzer et al.(1999)Glenzer, Alley, Estabrook, De Groot,
Haines, Hammer, Jadaud, MacGowan, Moody, Rozmus, Suter, Weiland, and
Williams, Li et al.(2010)Li, Seguin, Frenje, Rosenberg, Petrasso, Amendt,
Koch, Landen, Park, Robey, Town, Casner, Philippe, Betti, Knauer, Meyer-
hofer, Back, Kilkenny, and Nikroo], as the coupling of the laser beams with
the walls or pellet and the development of temperature inhomogeneities are
critical to the uniformity of the implosion. There is a significant interplay
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between heat fluxes and magnetic fields: in semi-collisional plasmas heat flux
can be the dominant mechanism for transporting magnetic fields in addition
to currents or bulk ion flow [Haines(1986)]. This effect, arising due to an elec-
tric field analogous to the Nernst-Ettingshausen effect in metals [v. Etting-
shausen and Nernst(1886)], has been shown to be significant in laser heated
plasma [Nishiguchi et al.(1984)Nishiguchi, Yabe, Haines, Psimopoulos, and
Takewaki, Ridgers et al.(2008)Ridgers, Kingham, and Thomas, Willingale
et al.(2010a)Willingale, Thomas, Nilson, Kaluza, Bandyopadhyay, Dangor,
Evans, Fernandes, Haines, Kamperidis, Kingham, Minardi, Notley, Ridgers,
Rozmus, Sherlock, Tatarakis, Wei, Najmudin, and Krushelnick]. The Nernst
effect in plasma [Haines(1986)] arises as a consequence of the velocity depen-
dent collision frequency of electrons in plasma. Since the faster, “hot”, pop-
ulation of electrons are essentially collisionless, the magnetic field is “frozen”
to them, whereas the collisional, “cold”, portion of the distribution function
is able to diffuse across field lines. Hence, magnetic fields can be advected
with close to zero net current by “hot” electrons.

In Sweet-Parker theory for magnetic reconnection, a resistive region be-
tween plasma inflows with resistivity η allows magnetic field lines to dif-
fuse and change topology, leading to jets outflowing at Alfvènic speeds,
vA [Green and Sweet(1967), Parker(1972)]. However, observed reconnec-
tion rates are rarely well described by this model. In case of a small dif-
fusion region L for which the Sweet-Parker width, δSP = L/

√
S where

S = vALµ0/η is the Lunquist number, is smaller than the ion inertial length,
c/ωpi, Hall physics is relevant and reconnection is no longer resistivity dom-
inated. Rather, augmented by the inclusion of Hall physics, reconnection
rates have been shown to be significantly faster suggesting that the dynam-
ics at such small scale lengths contribute strongly to reconnection. Recently,
researchers have been interested in the intermediate regime between collision-
less and collisional reconnection [Cassak et al.(2005)Cassak, Shay, and Drake,
Daughton et al.(2009)Daughton, Roytershteyn, Albright, Karimabadi, Yin,
and Bowers, Fox et al.(2011)Fox, Bhattacharjee, and Germaschewski, Fox
et al.(2012)Fox, Bhattacharjee, and Germaschewski], where the Nernst effect
is important. Given the analogous form of the Nernst term and Hall current
term in Ohm’s law, it is natural to assume that the Nernst effect may enable
reconnection in a similar manner to Hall reconnection, but with the electron
currents replaced by heat fluxes.
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This means that resistive e↵ects will be small, and there-
fore anisotropic pressure-like (f2) e↵ects must be in-
cluded in Ohm’s law to support the electric field at the
X-point. In ref. [22], Daughton et al included heat flux
e↵ects in their reconnection study, but for their system
HN . 1 so the thermal contribution was small. Here
we examine a situation where HN � 1 where heat flux
e↵ects dominate.

As in ref. [25, 26], we use a normalization scheme
with time normalized to ⌧n = 4⌧ei/3

p
⇡ and veloc-

ity normalized to vth0 =
p

2kBTe0/me. As a result,
lengths are normalized to the electron mean-free-path
�mfp = vth⌧n. The computation is performed in a do-
main defined over the range �100�mfp < y < 100�mfp

and �1500�mfp < x < 1500�mfp. The cells near the
boundary in x̂ is exponentially increasing in step size
such that they can be considered “far away”. The do-
main of interest in x̂, where the cell size is constant, is
�400�mfp < x < 400�mfp.

The connection between the normalized quantities and
real parameters is made through the ratios vth/c and
!pe⌧n. Here, vth/c = 0.08 and !pe⌧n = 125 are chosen in
order to put the system into inertial confinement relevant
conditions, corresponding to a temperature Te0 = 1.6 keV
and electron number density ne = 2.5 ⇥ 1022 cm�3. A
magnetic field of B0 = 1 corresponds to a field strength
of 400 T (4 MG).

The magnetic field is generated through the rne ⇥
rTe mechanism. We introduce an out of plane
plasma density gradient of the form @n(x, y)/@z =
n0

Ln
e�(x/r0)

2
⇣
e�((y+ymax)/r0)

2

+ e�((y�ymax)/r0)
2
⌘
, where

Ln = 50 and r0 = 50, by adding a z component of electric
field. This gradient is switched o↵ at t = 800⌧n to prevent
excessive magnetic field generation. The temperature
profile is accomplished by heating the plasma near the y-
boundaries of the system using an inverse bremsstrahlung
heating operator [29] with a profile H(x, y) =

H0e
�(x/r0)

2
⇣
e�((y+ymax)/r0)

2

+ e�((y�ymax)/r0)
2
⌘

where

H0 = 0.5, corresponding to a laser of intensity 2.5⇥ 1014

Wcm�2. The heated regions result in strong heat fluxes
in the ŷ direction that advect the magnetic field lines
inwardly towards the reconnection region. Ions are sta-
tionary in the simulation to isolate these e↵ects, which
may be justified physically in the case of the walls of a
hohlraum as they are heavy ions (for example gold) [30].
Simulations run with ion motion show similar behavior.
A thorough study of the Nernst and bulk flow advection
of magnetic fields is in Ref. [14].

Figure 1 shows output from the simulation at a time
19000 ⌧n. (a) shows the magnetization of the plasma, B
and (b) illustrates the temperature profile of the system.
The Nernst velocity (c) is approximately 102 larger in
magnitude than the maximum current (not shown). The
flow direction of the Nernst velocity (calculated directly
from the distribution function) indicates that thermal en-
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FIG. 1: Various quantities at a time t = 19000 ⌧n into
the simulation (a) B/m⌫ei/e, (b) Te/Te0, (c)vT /vth0 in

the x � y plane.
(d) B/m⌫ei/e and (e) Te/Te0 at t = 27000 ⌧n

ergy is being brought inwards in the y-direction towards
the reconnection region and is subsequently redirected
outwards in the x-direction, carrying the magnetic field
with it. Distinct “jets” of heat flux are formed out of the
reconnection region.

Figure 1(d) shows the magnetic field profile after the
majority of the flux has reconnected, at a time 27000 ⌧n

Figure 1: At a time t = 19000 τn into the simulation (a) B/mνei/e, (b)
Te/Te0, (c)vT/vth0 in the x− y plane.
(d) B/mνei/e and (e) Te/Te0 at t = 27000 τn
Note: The axes are not square
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We show that under conditions similar to those found in hohlraums, where
heat flux effects in Ohm’s law are important, reconnection of field lines can
occur. The heat fluxes that are generated by the laser hot-spots drive re-
connection through advection at the “Nernst” velocity vT . The Nernst ef-
fect allows magnetic field advection without an associated electron current,
which is different than the standard Hall effect within the reconnection layer;
this breaks the Alfvenic constraint (at least within the parameters consid-
ered) and allows characteristic reconnection rates of Ez/(B0vT ) rather than
Ez/(B0vA). We show that this can occur for conditions described by a di-
mensionless number describing the ratio of Nernst to electron flow velocities.
We find that this mechanism is only relevant in a high β plasma, i.e. where
the ratio of thermal pressure to magnetic pressure is large. However, the
Hall parameter ωcτei can simultaneously be large so that thermal transport
is strongly modified by magnetic fields, which can impact longer time scale
temperature homogeneity and ion dynamics.

There has been recent interest in the role of applied magnetic fields in
high-energy-density plasmas for inertial fusion energy applications. The
Magneto-Inertial Fusion Electric Discharge System has been developed to
provide steady-state magnetic fields for long time scales relative to the ex-
periments. An experiment at the Omega Laser Facility with a 7.5-T external
axial magnetic field imposed on an Omega-scale hohlraum measured a rise
in observed temperature along the hohlraum axis and modeling showed that
external fields can guide hot electrons from laser-plasma interactions through
the hohlraum, rather than the capsule. From Ohms law, it has been shown
that electron heat trans- port advects such magnetic fields through the Nernst
effect in addition to well-known processes such as frozen-in flow and resistive
diffusion. Dimensionless numbers comparing the ratio of the magnitudes of
the Nernst term to the bulk plasma flow term RN � 1 and the Hall term
HN � 1 suggest that Nernst convection should be the dominant mechanism
for magnetic field transport in a hohlraum. Such a hot and semi- collisional
environment is, however, rich in nonequilibrium effects that may complicate
the magnetic field dynamics.

Laser heating of the plasma results in steep temperature gradients, typ-
ically O(3 keV/50 µm). The collisional mean free path of a 3-keV electron
is O(10 µm), depending on the plasma density. Since λmfp/L < 100, non-
locality can be expected to be important. The steep temperature gradients
caused by intense laser heating in a hohlraum have been shown to result in
nonlocal heat flow. Careful consideration of the electron population with
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Figure 2: A quad plot of the modeled hohlraum geometry. (a) Rays overlaid
onto intensity profile, (b) Electron density profile, (c) Temperature @ t = 250
ps (d) Heat flow @ t = 250 ps

2vth < v < 4vth is required as these carry most of the heat. Addition-
ally, inverse-bremsstrahlung heating of a plasma leads to not only deviations
from Braginskii transport, but also new transport terms. Both nonlocal-
ity and laser heating result in modifications to the distribution function and
nonequilibrium behavior that result in a breakdown of the classical transport
approximations. In order to avoid those approximations, a kinetic approach
is necessary. This allows for modeling of magnetic field dynamics through a
self-consistent and generalized Ohm law derived without distribution func-
tion approximations.

Using a Vlasov-Fokker-Planck-Maxwell formulation, we show simulations
of magnetized, two-dimensional (2D) hohlraum-scale plasma including ray
tracing of an Omega-like laser configuration over a nanosecond time scale.
Therefore, this simulation includes self-consistent treatment of the fully ki-
netic Ohm law and nonlocal effects in heat flow. The hohlraum is considered
without a fuel capsule but with a gas fill throughout. Note that radiation
transport and laser-plasma interactions are neglected in these calculations.
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While these may modify the magnitude of the electron temperature near
the high-density plasma, the conclusions presented here primarily arise as
a result of the nonlocal dynamics prevalent within the low-density optically
thin gas fill where the radiation effects will be negligible. With the use of
IMPACTA, we studied the effect of nonequilibrium electron kinetics on ther-
mal energetic and magnetic field dynamics of a Omega-scale hohlraum with
an externally imposed 7.5 T magnetic field. We found that significant pro-
portions of the total heat flow are nonlocal. Additionally, the presence of
inverse-bremsstrahlung heating resulted in anomalous heat flow towards the
overdense plasma of the hohlraum wall. Therefore, the diffusive heat flow
from the laser-heated regions is not an adequate description of the thermal
energetics. Heat flow from the laser heating moves the externally imposed
magnetic field through Nernst advection. To examine the effects of Nernst
advection in relation to plasma bulk flow, we show modeling without an
electron contribution to the transport of the magnetic field in Ohms law
for comparison. We find that magnetic field transport due to Nernst flow
results in significantly faster field cavitation than via frozen-in flux. The
field cavitation occurs due to nonlocal heat flow towards the hohlraum axis.
Retention of the distribution function allows for accurate modeling of the
magnetic field pileup because the local approximation of the Nernst velocity
underestimates the true velocity by a factor of 2. Nernst flow into the over-
dense region causes a flux pileup at the walls and results in magnetic field
amplification by a factor of 3.

By simulating a cross-section of a full hohlraum, we show that magnetic
fields are generated through the crossed temperature and electron density
gradients and strongly affect nonlocal heat transport. We have studied of
plasma transport and dynamics with the application of an external mag-
netic field in a hohlraum-like setting using a fully implicit Vlasov-Fokker-
Planck code, IMPACTA, with an implementation of a ray tracing add-on
package. This allows to model inverse brehmsstrahlung heating as a laser
travels through a plasma by solving the ray tracing equations and preserves
the distribution function information. The external magnetic field magne-
tizes the low density plasma and mitigates heat flow down the density gra-
dient by re-localizing transport. The lack of non-local heat flow in the low
Z plasma results in up to 50% decrease in thermal energy near the center
of the hohlraum. The heat flow up the density gradient is not eliminated
and compresses By. This results in a 10% increase in the power from the
high Z plasma. Up to 85% of the heat flow in the wall that is responsible for
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compression and the distribution of thermal energy cannot be reproduced by
Braginskii transport and requires kinetic modeling for accurate description.

We have also, using the same geometry, made direct comparisons of the
VFP simulations with classical (Braginskii) transport calculations through
our collaborators at Imperial college London. Generated magnetic fields
result in strong magnetization of the plasma and cause thermal energy con-
finement at the walls as well as other complications in the thermal energy
distribution such as profile steepening and severe non-uniformity at the walls.

The profile steepening leads to a feedback mechanism for magnetic field
generation as the magnetic field generation rate is proportional to the gra-
dient of the temperature profile. This results in a factor of 2 increase in the
generated magnetic field in the whole hohlraum. The severe non-uniformities
such as those caused by the heat jets prove to be in the way of the laser and
eventually, the magnetic fields are also brought in to this region due to Nernst
convection. Using a ray-tracing addition to IMPACTA and NIF hohlraum
and laser parameters, we have used a Vlasov-Fokker-Planck treatment to
model magnetic field generation and magnetized plasma dynamics for 1 ns.
By comparing our results to a hydrodynamics code, CTC+, we also deter-
mined that the inclusion of non-Maxwellian effects significantly affects the
outcome of the simulation.

3 Products

On this project, we have produced 1 thesis:

• A. S. Joglekar, University of Michigan Thesis: Kinetic Modeling of
Magnetic Field Dynamics and Thermal Energy Transport in Inertial
Fusion Energy Plasmas.

2 Papers have been published so far:

• A. S. Joglekar, A. G. R. Thomas, W. Fox, and A. Bhattacharjee, Mag-
netic Reconnection in Plasma under Inertial Confinement Fusion Con-
ditions Driven by Heat Flux Effects in Ohms Law, Phys. Rev. Lett.
112, 105004 (2014).

• A. S. Joglekar, C. P. Ridgers, R. J. Kingham, and A. G. R. Thomas,
Kinetic modeling of Nernst effect in magnetized hohlraums, Phys. Rev.
E 93, 043206 (2016).
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4 papers are in preparation for submission: On the comparison of VFP trans-
port with classical transport; Momentum transport and non-locality in heat-
flux-driven magnetic reconnection in high energy density plasmas; Magnetic
field generation due to inverse bremsstrahlung distortion of the EDF and in
addition to these theoretical findings, we have performed simulations of ex-
perimental data showing magnetic reconnection on the ORION laser, AWE,
UK. These are indicate our heat flux driven reconnection mechanism that we
discovered could be mediating the interaction. This work is being prepared
for publication.

3.1 Presentations

• Joglekar presentation, ICOPS 2014

• Joglekar presentation, NIF and Jupiter User Group Meeting 2014.

• Joglekar presentation, Omega Laser Facility Users Group Workshop
2014.

• Joglekar presentation, Direct Comparison of Full-Scale Vlasov-Fokker-
Planck and Classical Modeling of Megagauss Field Generation in Plasma
near Hohlraum Walls from Nanosecond Laser Pulses. American Physi-
cal Society, Division of Plasma Physics Annual Meeting, New Orleans,
LA. October 2014.

• Thomas invited talk, Magnetic field dynamics in Collisional Plasma,
High Energy Density Laboratory Plasma Research Symposium, New
Orleans, LA. October 2014.

• Joglekar presentation, Enhanced Confinement of Thermal Energy due
to Nernst Compression of Externally Applied Magnetic Field National
Ignition Facility User Group Meeting, Livermore, CA. February 2015

• Joglekar presentation, Enhanced Confinement of Thermal Energy due
to Nernst Compression of Externally Applied Magnetic Field Omega
Laser User Group Meeting, Rochester, NY. April 2015

• Joglekar presentation, Kinetic Electron Transport in Magnetized High
Energy Density Plasmas near Hohlraum walls Invited Seminar, Impe-
rial College, London, UK. May 2015.
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3.2 Other

We have produced a 2D Vlasov-Fokker-Planck code with ray traced laser
beams and ion motion.

4 Participants and other collaborating orga-

nizations

As well as the PI, graduate student Archis Joglekar was supported fully on
this grant. The work on reconnection was performed in collaboration with
W. Fox, Chang Liu, A. Bhattachajee, Princeton Plasma Physics Lab. The
work on full scale modeling was in collaboration with R. Kingham, Imperial
College London, UK and C. Ridgers, York University, UK. The work on
modeling of reconnection experiments on ORION was in collaboration with
Nigel Woolsey and Ellie Tubmann.

5 Impact

Since strong heat flows and magnetic fields are expected in the interior of
hohlraums, understanding the mechanisms investigated here can be expected
to be important for inertial fusion energy, in particular because reconnec-
tion may mitigate the thermal transport inhibition by magnetic fields that
could affect the uniformity of the drive. However, the magnetic reconnection
could also lead to the production of energetic electrons. We have shown how
magnetic field generation can drastically modify the long term evolution of a
hohlraum temperature profile. In addition, the application of strong extrenal
magnetic fields for inertial fusion energy is a recent development. Proper un-
derstanding of the magnetic field dynamics will be important for these efforts.
Such results should be important to the success of the NIF fusion program,
which is supported by the DOE. A graduate student, Archis Joglekar, has
been trained in plasma kinetics and successfully defended his thesis in this
topic. He is now employed at UCLA in the plasma computing center working
on the development of kinetic codes.
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Figure 3: (a) qx shows that there is heat flow in both ±x̂ directions but in
(c), with a 10 T axial magnetic field, the heat flow down the density gradient
is mitigated. The heat flow up the density gradient remains. In (b) and (d),
more than 80% of the heat flow is comprised of non-Braginskii heat flow
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