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Motion of charged particles near magnetic-field discontinuities
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Charged particles near discontinuities in magnetic fields, so-called “boundary particles,” can be constrained
to remain near the discontinuity, even an arbitrarily fractured discontinuity, as the particle drifts along the
fractured boundary. These particles are shown to exhibit new and interesting effects along broken and branch-
ing surfaces, including the wetting of fractured surfaces.
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The classical description of particle behavior in nonuni-The motion of a boundary particle in the magnetic field
form magnetic field assumes a circular orbit that drifts in agiven by Eq.(1) is shown in Fig. 1. The particle crosses the
slowly changing field(see, e.g9.[1,2]). The magnetic flux magnetic field discontinuity with different gyroradii on dif-
through the particle Larmor orbit is then an adiabatic invari-ferent sides of the magnetic boundary. After one period of
ant of the motion. Both the conventional guiding-center for-transverse oscillation@.e., after two crossings of the bound-
malism[3-8] and its high-order correctiorf9—11] describe ary), it is displaced along the boundary, in complete analogy
the dynamics of guiding centers when the particle gyroradiuso the classicaNB drift in smooth nonuniform fields. The
rq is much smaller than the characteristic spatial statdé ~ one-dimensional1D) particle oscillation perpendicular to
the magnetic field. Large gyroradii particles, or particles un-the boundary can be described by the Hamiltonian
dergoing periodic motion other than circular, also exhibit
adiabatic invariants, so long as the magnetic structure seen
by the particle varies slowly compared to an orbit period
[12-14.

What we show here is that particle motion near a mag-
netic discontinuity is constrained even as the drift motion
encounters sharp discontinuities in magnetic structure over py=const,
an orbit period. We may identify what we call “boundary

partlcleg,"fyv::jh é;_wdlng C(_er_wtersTvr\]nthm a gyrorad||<u§dof Fpe wherex is the direction perpendicular to the boundary. For
magnetic fie Iscontinuities. The present work identl 'efgowly varying parameters, the area confined inside the

e p; 1 a . 2 mv
—%4—% Py= X (X) —T—const,

End %escnbes .nlew anld unuslual pr%pelr(tles of tgebmotlohq hase-space particle trajectory is an adiabatic invariant of the
oundary particles along plane, broken, and branching,, e motion[15—17. Figure 2 shows such a closed tra-

boundar_les. . jectory. A new invariant of the particle motion can then be
Consider motion along a smooth boundary, say, a ma

a written as
netic fieldB=27°B(x), with the simple discontinuity
B;, x<O m\V?
B(x)= B,, x>0. (1) p=——(a)=const, 2)
|
1 | 7(Uwi+lwy)+ (llw,— lw,)(7—2a+sin2a), B;B,>0
wla)=52 (Uwq+ Uw,) (27— 2a+sin2a), B;B,<O0,

where w,=[qBy|/mc are the gyrofrequencies in the corre- assuring adiabaticity. For simplicity, assurBg=const so

sponding regions. Herer=arccosp,/mV) is the angle at that the invariance of botp and energy implies
which the particle crosses the boundary; it determines the

guiding center transverse displacement relative to the bound- [1/B;—1/B5(y)]O(«a)=const,

ary (see Fig. 1 Note thatu reduces to the well-known mag-

netic moment fnV?/2w=cons} for uniform magnetic fields where O(a)=2a—sin2x is a monotonically increasing

(B1=By,). function of . While remaining on the boundary, fds,
Consider first some of the interesting features of boundary>B,,« increases with the decrease B, so that a posi-

particles even along simple boundaries: For example, sugively charged particle will drift in the positive direction,

pose one of the magnetic fields in Ed) varies in space with «<<w (Fig. 3). The direction of this drift coincides with

along the boundary, smoothly enough thgd In|B|/dy<1, the direction given by the classkB drift for smooth mag-
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FIG. 1. Boundary particle motion along a plane magnetic

boundary.

netic fields. Note that foWB, in the positivex direction,
ions in the regiorx>0 drift toward the boundary at=0, at
which point they attach to the boundary in such a way tha
whereB,>B,, the ions drift along the boundary to regions
of higher B,, whereas ifB,<B;, the ions drift along the
boundary to regions of loweB,. In either case, the drift
along the boundary is to regions of highest magnetic dispa
ity, where the ion will eventually adhere to the boundary
from the low-field side, as either— 7 or «—0.

Consider now motion along abruptly changing magneti
boundaries. More complex 2D magnetic field profiles giv
rise to complicated motion, yet under certain condition
boundary particles retain an important property, namely, th
they remain boundary particles even for branched, abrupt, qj
fractured boundaries, so long as the boundaries separate r,
gions of uniform magnetic fields. Interior particles then ex-g
ecute closed orbits that do not intersect the boundary, and
cannot move to or from the boundary. Thus, boundary par;
ticles cannot turn into interior particles and vice versa. This
remains true even if the boundary particle encounters shal
discontinuities in magnetic structure over an orbit period.

Though the focusing property of the straight magnetic
boundary is well knowri18], new and interesting dynamics
appear in fields with broken and branching boundaries
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which can lead to new ways of manipulating beams. For
example, we show in Fig. 4 how boundary particles turn
sharp corners. Because the change in field is abrupt over the
particle period, the validity conditions for the adiabatic in-
variance ofu are violated. As a result of “scattering on the
corner,” neitheru nor oscillation phase are conserved. Yet
the particle cannot live outside the boundary, and so it must
“turn the corner” with the boundary. For example, if a re-
gion in thex-y plane is permeated by a uniformdirected
magnetic field of value different than the unifodirected
magnetic field exterior to that region, boundary particles
would necessarily circle the region. We thus have the sur-
prising result that boundary particles essentially “wet” a
surface of field discontinuity, even as that surface itself
changes abruptly, drifting along the surface like liquid fol-
lows a wetting surface due to surface tension.

The wetting effect results in some interesting possibilities,
possibly with practical consequences. For example, consider
he situation when the boundary particle comes to a point

here the boundary branches into two or more new bound-
aries. If the drift velocities corresponding to all boundary
branches are directed away from the branching point, the
r[_)article will choose one of new boundaries to drift along.
Which path is picked, and what the adiabatic invariant and
phase will be along that path, depend in detail on initial
conditions. Thus, stochastic guiding center motion can be
%ound in relatively simple magnetic field configurations.
V€ An example exhibiting stochastic guiding center motion is
Sthe four-field configuration given in Fig. 5. This configura-
afion produces a separation of a particle stream. The magni-
des of magnetic field on different sides of the boundaries
‘e chosen so that a particle approaches the scattering region
om the B;-B3 boundary only and leaves it either through
%channeIQBl-Bz or B,-B;. ForB;>B,>B3;>B,, and posi-
tive particle charge, particles drift only counter-clockwise
ranng the central boundary loop.

P After a particle has come to the central loop, it has a
probability to “leak out” along the boundari3,-B,, but it
can also scatter on the triple poB{B,B, and remain on the
loop. The same applies to the next triple poB4B3B,.
Therefore, although a particle may leak out from the central
part of the system at the first or second scattering events, it
also may stay on the loop for more than one period of drift

X

FIG. 2. Phase-space trajectory of boundary particle’s transverse FIG. 3. Transverse adiabatic drift of a boundary partisieales

oscillations.

of the x andy axes are not equal
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FIG. 4. Boundary particle scattering on a straight corner of a
magnetic boundary: the “wetting effect” on a broken boundary.
FIG. 5. Boundary particle trajectories along branching magnetic
rotation, depending on the initial parameters of the particloundaries.
motion. Since the probability of leaking out strongly depends R .
on the particle’s initial phase, which abruptly changes inwhereR=—vf is a friction force. In both the collisionless
each scattering event, the exit choice is strongly sensitive t6v=0) and collisional ¢+ 0) cases, the only possible equi-
initial conditions. Detailed numerical simulations show thatlibrium trajectory is the trajectory(t)=0. Particles with
the characteristic initial phase step needed to distinguish anRonzero initialx will eventually be attracted to the boundary.
ternative paths is less than 0.01 radBar~B,~B3;~B, and  Transverse oscillations decay in both the collisional and col-
loop radius close ta4,. The latter property provides two lisionless cases. For long tinie> 7, whereris the period of
output streams alonB;-B, andB,-B3, with uniform distri-  transversal oscillations, arté>mV,(0)/qE in casev=0, or
bution over particle initial phases. after the amplitude of oscillation becomes much less than
Certain practical devices might be envisioned utilizingdEwo/mv® in caser+0, andvr(t)<1], the rate of decay
these unusual properties of boundary particles. While th€an be shown to obey
four-field configuration has been offered as a boundary-

particle beam separator, the same, but field-reversed, system xu~t B xy~t3 ~t728 (v=0),
can be used for the merging of streams, with input from

channelsB,-B, and B,-Bj, into the single output stream Xy~ exp(—2vt/3), Xy~exp(—vt/3),
B,-B;. Effective mixing caused by stochastic rotational drift

along the central loop could provide the output beam of par- T~exp —vt/3) (v#0),

ticles with uniform initial phase distribution as well. A beam

merger could be of some practical use in the transport andherexy andxy are the amplitudes of transversal coordi-
transverse combination of energetic heavy ion beams for apiate and velocity oscillations, respectively. Thus, the bound-
plications to inertial confinement fusigi7,19. For high- ing surface can be easily made an attractor point for the
energy beams, the preponderance of velocity could be diboundary particles either in dissipative or nondissipative sys-
rected along the magnetic field. tems.

Note for drift motion in vacuum, that the six-dimensional  In summary, we have identified a new class of effects
phase space of the ions is conserved either in beam combiassociated with charged particles undergoing constrained
ing or in beam separation. To reduce the phase space, dissiotion near abrupt magnetic boundaries. Magnetic disconti-
pation must be introduced, for example, by passing the ionsuities abrupt compared to a particle gyroradius are easily
through an ionizing gas or plasma. The dissipation can b@roduced in the laboratory, and may occur naturally, for ex-
used for beam focusing of boundary patrticles. ample, in fields undergoing magnetic reconnection. The clas-

To see how focusing can occur, consider boundary parsical adiabatic invariant for motion in slowly varying fields is
ticle motion in crossed static magnetic and electric fieldsgeneralized to account for the abrupt discontinuities. The
with an external uniform electrostatic field directed along thecomplexity of the motion of boundary particles is con-
boundaryE=Yy°E, and with an abrupt magnetic-field con- Strained by an unusual “wetting effect,” which is a profound

figuration of the form of Eq(1). Assume oppositely directed Property of the boundary particles. Apart from academic in-
fields, for simplicity, with B;= —B,=B,. The E % B-drift terest in the wetting effect, there may be practical conse-

velocity is then always directed toward the boundary, so algtur Zir;]ceeds rlrrwlottir(])i rrilr?ghpéji:?tlo&eof die Zcr:tt"ef:jestr;vrg] osrltjgtri] rcl:on]:
interior particles drift to the magnetic boundary. ’ 9 P on o

In the presence of friction, the particle motion might then :)no;nndeiirc}:/ Eg&tr'ﬂzf’ alsa :vnilal ?Ilgvxtge merging or separation of
be described by 9 yp '

_ R R This work was supported by the U.S. DOE, under Con-
=wo(rX2%)sgnx+gqE/m+R, wy=qBy/mc, tract No. DE-AC02-76 CHO3073.
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