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In this work a general closure for the conductive electron heat flux parallel to an inhomogeneous
magnetic field is derived and examined. Free-streaming and collisional effects are present in the drift
kinetic equation which is solved using an expansion of eigenfunctions of the bounce-averaged,
pitch-angle scattering operator. For bounce times short compared to transit and collision times, the
subsequent heat flow closure takes the form of an integral operator acting on electron temperature
variations along magnetic field lines. The general closure agrees qualitatively with previous forms
for the heat flux in homogeneous magnetic geometry and importantly, predicts a substantial
reduction in the heat flow due to the trapping of particles in magnetic wells and the enhanced effect
of collisions near the trapped/passing particle boundary. ©2003 American Institute of Physics.
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I. INTRODUCTION

Recently, a theory for the conduction of electron he
along magnetic field lines that allows for arbitrary collisio
ality has been developed.1 This paper presents an importa
extension of this theory by setting forth a parallel heat fl
closure scheme that allows for more general magnetic ge
etry. This includes the important case of helical magne
islands growing in axisymmetric toroidal equilibria of arb
trary aspect ratio and shaping. Such a closure is relevan
numerical simulations of electron temperature evolution
magnetized plasmas where transit and collision times
long compared to bounce times. Specifically, this clos
provides a quantitative means for calculating parallel el
tron heat transport in the presence of evolving magnetic
lands or in plasmas confined by chaotic magnetic fields.
latter is of interest not only in magnetized fusion plasmas
also in astrophysical plasmas where the reduction due
charged particle trapping significantly slows electron h
transport in galaxy cluster cooling flows.2

In kinetic studies of mass and heat flow, a domina
collisional mechanism involves the scattering of a particl
parallel velocity in pitch-angle,z5v i /v. It is the asymme-
tries in pitch-angle space that yield finite mass and heat fl
moments. Intimately connected with the scattering of
rected momentum is the variation inuBu that a charged par
ticle sees as it travels along a magnetic field line. Th
variations act to accelerate particles parallel to field lin
while to lowest order preserving their energy and magn
moment. In strongly inhomogeneous fields, the mirror fo
traps a substantial fraction of particles, thereby reducing
number that can contribute to parallel heat flow. In additi
collisions between trapped and passing electrons furthe
duces heat flow in collisional and moderately collisional
gimes. We present a general form for the parallel elect

a!Electronic mail: eheld@cc.usu.edu
3931070-664X/2003/10(10)/3933/6/$20.00
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heat flux closure that embodies both of these effects.
In this paper, a variation of neoclassical transp

theory3,4 is employed in a derivation of the parallel electro
heat flow,qi , which may be used to close the electron te
perature equation. In the interest of generality, the des
closure allows for the following:

~i! multiple scale lengths parallel to the magnetic fie
including short scale magnetic mirroring and lon
scale electron temperature gradients;

~ii ! general magnetic geometry allowing for helical ma
netic islands embedded in axisymmetric toroidal eq
libria possessing arbitrary aspect ratio and shaping

~iii ! arbitrary ordering of bounce-averaged free-stream
and pitch-angle scattering effects.

In Sec. II, a multiple-scale-length expansion along ma
netic field lines is introduced and a bounce-averaged eq
tion for the distribution function that yields the lowest-ord
contribution to the parallel heat flux is derived. In Sec. III t
pitch-angle dependence of this equation is handled by
panding in a set of orthogonal basis functions. In Sec. IV
solve for the heat flow and in Sec. V we present an exam
of parallel heat flow reduction due to particle trapping a
collisions in sinusoidal magnetic wells. The results are su
marized in Sec. VI.

II. ELECTRON DRIFT KINETIC EQUATION

We begin by stating the gyroaveraged or drift kine
equation,5

] f

]t
1~vi1vD!•¹ f 1H m

mv
]B

]t
1

e

mv
~vi1vD!•EJ ] f

]v

5C~ f !. ~1!

Herev is the speed coordinate,vi andvD are the parallel and
perpendicular components of the guiding center motion,
3 © 2003 American Institute of Physics
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m is the magnetic moment. The collision operator,C( f ),
represents binary, collisional scattering events.

For a general parallel heat flux closure, we seek an
dering scheme that is valid for general magnetic geometry
the interest of identifying the dominant parallel fre
streaming and collisional physics, we require thatvi•“

;C( f )@vD•“, and order the remaining terms in Eq.~1!
with vD•“. The result of ignoring drift, time-dependent an
acceleration effects is the deceptively simple, lowest or
kinetic equation,

vi•¹ f 5C~ f !. ~2!

This equation captures the dominant physics of parallel e
tron dynamics in plasmas confined by slowly evolving, sp
tially inhomogeneous~with regards to the parallel direction!
magnetic fields.

In order to solve Eq.~2!, we introduce a multiple scale
length expansion along the magnetic field by defining

D;
vi•“L

vi•“l
!1. ~3!

This ordering takes into account the longer scale lengthL,
associated with parallel electron temperature gradients
the short mirroring scale length,l , set by the variations in
uBu. In terms of a helical magnetic island in a large asp
ratio tokamak,l 5qR and L5qR/q8w refer to the parallel
scale lengths associated with the equilibrium and island,
spectively; hence,D; l /L;q8w!1. Hereq and q8 are the
safety factor and its radial derivative andw is the island
width. In terms of time scales, this ordering represents
ratio of the transit time across one period inuBu to the time
needed to circumnavigate the magnetic island. For gene
ity, we will order C( f );vi•“L , hence the kinetic equatio
of interest becomes

~vi•“ l1vi•“L! f 5C~ f !, ~4!

which hasvi•“l@vi•“L;C( f ).
In order to solve Eq.~4!, we posit the following

Chapman–Enskog-type ansatz6,7 for the distribution func-
tion:

f 5 f M1F5nS m

2pTD 3/2

e2 ~mv2/2T!1F, ~5!

where the density, temperature, and kinetic distortion,F, are
expanded as

n5neq1(
i

D ini~ l ,L !, ~6!

T5Teq1(
i

D iTi~ l ,L !, ~7!

F5(
i

D iFi~ l ,L,v!. ~8!

Herev represents suitable guiding center coordinates wh
will be chosen later andneq and Teq are spatially uniform.
Writing f M

0 as the combined equilibrium and lowest ord
perturbed Maxwellian,
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f M
0 5 f M

eqF11
n0

neq2S 3

2
2

mv2

2TeqD T0

TeqG , ~9!

implies thatF0 and f M
0 satisfy

vi•“L f M
0 ;vi•“LF0. ~10!

Here f M
eq5(neq/p3/2v th

3 )exp(2v2/vth
2 ) and the electron ther

mal speed,v th5A2Teq/m. The form given forf M
0 assumes

that the equilibrium Maxwellian is nearly stationary su
that the variablev represents the random guiding cent
speed and the macroscopic flows satisfyV/v th;D2. For sim-
plicity the M subscript will be dropped from the Maxwellia
portion of the distribution function.

To orderD0 we obtain

vi•“l~F01 f 0!50, ~11!

which has the solution

F052S L0
(1/2)

ne
0

neq2L1
(1/2)

Te
0

TeqD f eq1g0~L,v!, ~12!

whereL0
(1/2)51 andL1

(1/2)53/22v2/v th
2 are Laguerre poly-

nomials. Note that the integration constant,g0, does not de-
pend on l , the distance along a field line within a sing
magnetic mirror. In Chapman–Enskog theory we require t
the density and temperature moments ofF0 vanish; hence

ne
05E d3vL0

(1/2)g0, ~13!

and

Te
052

2

3

Teq

neqE d3vL1
(1/2)g0. ~14!

That ne
0 andTe

0 are independent ofl shows that the ordering
scheme produces the intuitive result that the rapid bou
motion smooths out the lowest order perturbed density
temperature over the scale length,l .

To orderD1 we obtain,

vi•“l~F11 f 1!1vi•“L~F01 f 0!5C~F01 f 0!. ~15!

In accordance with neoclassical theory, we solve this eq
tion by eliminating the electron bounce motion timesca
present in the operator,vi•“l . Assuming a single minimum
and maximum inuBu, we use the following averaging opera
tors for trapped and passing particles, respectively:

R
2 l b

l b dl

uv iu
, ~16!

and

E
2 l max

l max dl

v i
. ~17!

These operators annihilate thevi•“l operator by integrating
over closed, periodic orbits for trapped particles and op
orbits for passing particles. Application of this annihilat
yields

s@vi•“L~F01 f 0!#5@C~F01 f 0!#, ~18!
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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wheres51 and 0 for passing and trapped particles, resp
tively, and@ # implies a bounce-averaged quantity. Note th
bounce-averaging also annihilates thevi•“L for trapped elec-
trons since they travel both parallel and antiparallel to gra
ents inF0 in completing their periodic orbits. In the next tw
sections, the collision operator is specified and Eq.~18! is
solved.

III. COLLISION OPERATOR AND EIGENFUNCTION
EXPANSION

A dominant collisional mechanism in studies of plasm
heat flow is the scattering of directed momentum due to m
tiple small-angle Coulomb collisions. With this in mind, w
introduce the following form for the linearized collisio
operator:

C~F01 f 0!5Ce,i~F0!1Ce,e~F0!, ~19!

where the Lorentz scattering operator, converted fr
spherical velocity space to the pitch-angle-type variablej
[6A12mB0 /E, is given by

Ce,i1Ce,e5 n̄
v i

vj

]

]j S 12j2

j

v iB0

vB D ]

]j
. ~20!

HereE5mv2/2 is the electron kinetic energy andB0 is the
minimum magnetic field that an electron sees as it trav
along a field line. The variablej varies from 0 for a particle
with v i50 to 61 for a particle with no magnetic momen
The collision frequency,n̄ may approximately be written a

n̄5n'ei1n'ee5
nee

2~v/v th!
3 S Zeff1FS v

v th
D2GS v

v th
D D ,

~21!

whereZeff5(jnijZj
2/(jnijZ is summed over all ion species,F

is the error function andG[(v th /v)2(F2(v/v th)F8)/2, is a
function first introduced by Chandrasekhar.8 Note that al-
thoughG is singular atv/v th50, it will not compromise the
behavior of the desired heat flow expression since it w
appear in the form, exp@2(neevth

3 /2v4)uGLu#. The reference
collision frequency is

ne j54pnj 0e2ej
2 ln Le j /~me

2v th
3 !. ~22!

Note we have assumed that the momentum restoring te
often added toCe, j are small. Recall that the orderin
V/v th;D2 has already been assumed; thus our pitch-an
scattering operator conserves momentum only to or
V/v th . Note also that the addition of a model energy diff
sion term would improve the accuracy of the simplifie
pitch-angle collision operator used in this work. Such i
provement is desirable in the collisional limit where mo
accurate knowledge of the speed dependence ofF is needed
to make experimental predictions.

In terms of the variablej, Eq. ~18! becomes

]

]j

12j2

j K v iB0

vB L ]Ft

]j
50, 2j t,j,j t , ~23!

for the trapped electron distribution,Ft, and
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vj
]Fp

]L
2 n̄

]

]j S 12j2

j K v iB0

vB L D ]Fp

]j
52vj

] f

]L
,

uju>j t , ~24!

for the passing electron distribution,Fp. Here j t

56A12(B0 /B) and

K v iB0

vB L 5
*

2 l max

l max dl ~v iB0 /vB!

*
2 l max

l max dl
, ~25!

for passing particles, for example. Note that Eq.~24! is com-
plicated by the fact that it is not separable in the pitch-an
variable due the free-streaming term. This is in contras
the analogous equation of equilibrium neoclassical trans
theory.3,4

A common approach to solving Eqs.~23! and ~24! is to
ignore collisions except near the trapped/passing bound
where they dominate for times short compared to the co
sion time. The collision operator may then be simplified a
integrated directly in the boundary layer and the solut
matched to that of the outer region where collisions
ignored.9 Such an approach is not appropriate, however,
time scales longer than the collision time where the effec
the Lorentz operator is felt over all of pitch-angle spac
Such is the case when deriving a heat flux closure for e
trons confined by a slowly evolving magnetic field. In th
spirit of retaining as much of the physics of the Loren
operator as possible, we solve Eqs.~23! and~24! by seeking
solutions of the following eigenvalue equation:10

]

]j

12j2

j K v iB0

vB L ]Cn

]j
1lnK vjB

v iB0
L Cn50. ~26!

The weight function, ^vjB/v iB0&5^J/v2&5^“v•“g
3“j/v2&, ensures orthogonality among the eigenfunctio
Cn with respect to the Jacobian,J, for the chosen guiding
center variables,v,j and the gyroangle,g. The bounce-
averaged quantities in Eq.~26! are shown in Fig. 1 forB
5B0(11e)/(11e cos(2pl/l0)) with e50.20 andj t520.58.

FIG. 1. Bounce averaged functions used in generating the eigenfunction
B5B0(11e)/(11e cos 2pl/l0) with e50.20 andj t520.58.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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For trapped electrons,ln50 and the eigenvalue equa
tion may be integrated directly to yield boundary conditio
for the Cn at j56j t , namely,

]Cn

]j
5

cj

~12j2! K v iB0

vB L 21

, ~27!

wherec is a constant. The oddness of]Cn /]j aboutj50
implies thatCn is even in trapped space. We infer from th
that the odd basis functions needed to representFp go to zero
at j56j t . Furthermore, it can be shown that the ra
j/^v iB0 /vB& diverges asuju→0; hence it is necessary tha
the constantc50 in Eq. ~27! if ]Cn /]j is to remain
bounded. The necessary result is that]Cn /]j50 for 2j t

<j<j t . In reality, this result does not hold nearj56j t ,
where the bounce average operation breaks down. Prev
authors have shown that a proper boundary layer theory
vides corrections of order,O(An/vi•“l).

11 These corrections
will be ignored in this work; hence the boundary conditio
applied toCn at j56j t are

Cn50, for n odd ~28!

and

]Cn

]j
50, for n even. ~29!

Note that these are the same boundary conditions applie
the origin when generating the odd and even Legendre p
nomials which may be generated from the infinite-aspe
ratio limit of Eq. ~26!.

As examples, Fig. 2 shows eigenfunctions pertaining
sinusoidal variations of the form B5B0(11e)/(1
1e cos(2pl/l0)) with e50.20 and j t520.58 and Fig. 3
shows them fore50.40 andj t520.76. The eigenfunctions
were generated using a shooting method that matched
boundary conditions at6j t by guessing the eigenvalue an
integrating in from the exterior boundaries,j561. The self-
adjoint eigenvalue problem for thej dependence in passin
space and the requirement thatFt50 provide for vanishingn

FIG. 2. Eigenfunctions forB5B0(11e)/(11e cos(2pl/l0)) with e50.20
andj t520.58.
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pect of Chapman–Enskog theory@see the discussion sur
rounding Eqs.~13! and ~14!#.

We now expandFp in Eq. ~24! in a finite set of pitch-
angle eigenfunctions,Fp5(n51

N Fn(v,L)Cn(j), and write
F5@F1 ,F2 , . . . ,FN# as a column vector of coefficients. In
serting the expanded form forFp in Eq. ~24!, multiplying by
Cn8 and integrating over the variablej yields the following
system of equations:

IF1
v
n̄

A
]F

]L
52

v
n̄

G
] f

]L
, ~30!

where the speed dependencev/ n̄ is stated explicitly. HereI
is the identity matrix,A contains the ratios of the free
streaming coupling between the different eigenfunctions
the nth eigenvalue, andG is the projection of the Maxwell-
ian drives onto the eigenfunctions.

Equation~30! is solved in the next section in order t
calculate an approximate parallel heat flux for transit a
collisional times long compared to the bounce time.

IV. GENERALIZED HEAT FLUX

In this section a general heat flux is constructed a
written in forms resembling that of Ref. 1. The solution
the set of equations in Eq.~30! is straightforward. The eigen
vectors and associated eigenvalues of the matrixA are first
determined. DenotingW as the matrix containing the eigen
vectors ofA as columns, we can expand the vector of exp
sion coefficients as follows:F5Wh. Inserting this form for
F into Eq.~30! and multiplying through byWÀ1 diagonalizes
the system. The result is a set of first-order ordinary diff
ential equations~ODEs! for the elements ofh, namely,

g i

v
n̄

]hi

]L
1hi52

v
n̄

gi

] f

]L
, ~31!

wheregi is thei th element ofWÀ1G andg i is the eigenvalue
associated with thei th column ofW. In analogy with Ref. 1,
we define effective inverse collision lengths of the formk̄i

[n̄/(g iv).

FIG. 3. Eigenfunctions forB5B0(11e)/(11e cos(2pl/l0)) with e50.40
andj t520.76.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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The domain inL is chosen to be (2`,`). The require-
ment of boundedness at6` demands that the homogeneo
solution to Eq.~31! be set to zero. The particular solution fo
the passing part of the distribution function is,

Fp~L8!52 (
n51

N

Cn~j!F (
k̄i.0

Wnigi

g i
E

L8

`

dL
] f

]L
e2 k̄i (L2L8)

1 (
k̄i,0

Wnigi

g i
E

2`

L8
dL

] f

]L
e2 k̄i (L2L8)G , ~32!

where thek̄i come in positive/negative pairs and the limits
integration areL8 to ` for k̄i.0 and2` to L8 for k̄i,0.
The Landau damping and collisional effects present in
k̄i ’s serve to truncate these integrals. The integral natur
Fp results because we have allowed for arbitrary collision
ity and necessarilyFp is a function of the Maxwellian drives
all along a magnetic field line. The form forFp may be
simplified since the effective inverse collision lengths ar
in positive and negative pairs,6 k̄i . Integration by parts
yields the simple form,

Fp~L8!5 (
n51

N

Cn~j!(
i 51

N/2 U Wnigi k̄i

g i
U E

L8

`

dL@ f ~2L !

2 f ~L !#e2uk̄i u(L2L8). ~33!

In the case of a homogeneous magnetic field, Ref. 1 u
the following definition of the parallel heat flow:

qi~L8!52TeqE d3vL1
(3/2)v iF5TeqE d3vS v2

v th
2 2

5

2D vjF.

~34!

Analogously, we define an averagedqi moment in the inho-
mogeneous case as

qi~L8!5TeqE
l min

l max
dlE d3vS v2

v th
2 2

5

2D vjFpY E
l min

l max
dl.

~35!

Orthogonality among the even and oddCn implies thatqi

may be written simply as

qi~L8!5TeqE ^d3v&vL1
(3/2)j (

n odd
Cn(

i 51

N/2 U Wnigi k̄i

g i
U

3E
L8

`

dL@ f ~2L !2 f ~L !#e2uk̄i u(L2L8). ~36!

The Maxwellian drive in the heat flow integral is

f ~L !5FL0
(1/2) p~L !

peq 1L1
(3/2) T~L !

Teq G f eq. ~37!

As in Ref. 1, the pressure drive will be ignored here.
traditional neoclassical transport theory, thep drive vanishes
due to the orthogonality of Laguerre polynomials. Here
additionalv dependence in thek̄i ’s spoils this orthogonality.
We note further, that in a more complete Chapman–Ens
theory that rewrites the drives using the lowest-order m
ment equations, the pressure drive is absent.
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In order to write a final form forqi that is reminiscent of
the form in Ref. 1, we interchange the order of the veloc
space and field line integrations and define the ker
K(L8,L) as

K~L8,L !5
1

v th
3 E ^d3v&v~L1

(3/2)!2j

3 (
n odd

Cn(
i 51

N/2

aie
2uk̄i u(L2L8), ~38!

whereai5uW1igi k̄i /g i u, such that

qi5
neqv th

p3/2 E
L8

`

dL@T~2L !2T~1L !#K~L8,L !. ~39!

HereK(L8,L) contains the collisional and trapping informa
tion of a distribution of electrons as they scatter in pit
angle off a background Maxwellian plasma. The similar fo
of this general expression for the parallel heat flow with p
vious collisionless expressions12,13was emphasized in Ref. 1
It was also shown there that Eq.~39! reduces to the familiar
form, qi;k i¹iT, in the collisional limit.14 It is important to
note, however, that here the parallel conductivity,k i , is re-
duced by particle trapping and collisions near the trapp
passing boundary. Furthermore, the nearly collisionless li
of Eq. ~39! contains important corrections due to partic
trapping that were absent in previous collisionless expr
sions for the parallel heat flow. These effects are highligh
in the next section.

V. SAMPLE CALCULATION

In this section, we return to the case of sinusoidal m
netic wells and explore the resultant parallel heat flow
sinusoidal temperature perturbations of scale length,LT

@ l 0 , namely,

T~L !5Teq1T̃ sinS 2pL

LT
D . ~40!

Recall that the eigenfunctions for the case ofB5B0(1
1e)/(11e cos(2pl/l0)) with e50.2 ande50.4 were pre-
sented in Figs. 2 and 3. The orderingsLT;Ln@ l 0 , whereLn

is the characteristic collision length, permit a study of t
parallel heat flow response as collisionality is varied. Spec
cally, we will choose representative scale lengths for a h
cal magnetic island in an axisymmetric tokamak. If t
length of magnetic wells is 1 m, then we requireLT;Ln

@1 m for the expression in Eq.~39! to be valid. For 1 keV
plasmasLn'100 m; hence we letLT vary from 10 m, which
is representative of temperature gradient scale lengths in
magnetic islands, toLT→`, which is relevant near the X
and O-points of a magnetic island.

In this demonstration, it is necessary to pick the num
of basis functions in the pitch-angle basis function expans
in order to preserve the orderingn!vi•“l . The reason for
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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this is that the eigenvalues of the basis functions enter
the ordering in the following manner,ln!Ln / l 0 . Care must
be taken to choose enough basis functions in regime
moderate to low collisionality to resolve the pitch-angle d
pendence of the distribution function, but not too many t
the ordering which permits a bounce-average, namely,ln

!Ln / l 0 , is invalidated. For the results presented below, t
basis functions were used to resolve the pitch-angle de
dence of the kinetic distortion forLn /LT<0.1 and four were
used forLn /LT>1.0

Figure 4 compares the heat flow atL850 ~left y-axis!
for the cases of uniform and nonuniform magnetic fields.
the ratio ofLn /LT increases, the heat flow increases beca
electrons are more mobile and carry more heat. In the c
sional limit (Ln /LT,0.01), the heat flow is proportional t
the local temperature gradient as in the classical Bragin
analysis.14 It is important to note, however, that in cases w
an inhomogeneous magnetic field, we still require that
bounce time be short compared to the collision time. Tha
we are exploring the effect of varying collisionality whil
always remaining in the familiar banana transport regime
collisional to moderately collisional regimes (Ln /LT,1.0),
the reduction in heat flow for the casese50.2 ande50.4 is
due to the combined effect of trapped electrons, which ca
no heat over longer gradient scale lengths, and enhan
collisional effects near the trapped/passing boundary. In
nearly collisionless limit, the reduction in heat flow is du
solely to trapped particles.

Figure 4 also shows the fractional reduction~right

FIG. 4. Parallel heat flow responseqi for homogeneous and inhomogeneo

uBu and enhanced reductionDqi for T(L)5Teq1T̃ sin(2pL/LT) show the
effect of trapped particles at all ratios ofLn /LT and the enhanced reductio
due to collisions in regimes withLn /LT<1. HereZeff51 andqi andDqi are

normalized toneqv theT̃/p3/2.
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y-axis! in heat flow between the inhomogeneous cases
homogeneous case as collisionality is varied. AtLn /LT

<10, the reduction approaches the trapped particle frac
namely, 35% fore50.2 and 50% fore50.4. The enhanced
collisionality between trapped and passing electrons
shown in the regimeLn /LT,1.0, where the larger reductio
in the case ofe50.4 as compared toe50.2 is evident.

VI. CONCLUSIONS

In this paper, a variation of neoclassical transport the
was used to derive the parallel electron heat flow closure
Eq. ~39!. This closure allows for multiple scale lengths pa
allel to the magnetic field including short scale magne
mirroring and long scale electron temperature gradients.
times long compared to the bounce time, it is possible
preserve the maximal ordering between free-streaming
bounce-averaged pitch-angle scattering effects via an ex
sion in pitch-angle eigenfunctions. This maximal orderi
leads to an integral form for the parallel heat flow that d
pends on temperature variations all along a magnetic fi
line. The sample heat flow calculation in Sec. IV showed t
in nearly collisionless plasmas the heat flow is reduced
the trapped electron fraction. Furthermore, in collisional
moderately collisional plasmas, the heat flow is reduced b
by trapped electrons and by the enhanced collisionality
tween trapped and passing electrons~see Fig. 4!. The results
of this demonstration attest to the fact that the clos
scheme outlined in this work provides a quantitative me
for calculating parallel electron heat flow along inhomog
neous magnetic fields in simulations of high-performance
roidal fusion experiments.
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