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One-way ponderomotive barrier in a uniform magnetic �eld

I.Y. Dodin and N.J. Fisch
Princeton Plasma Physics Laboratory, Princeton, NJ 08543

(Dated: February 9, 2005)

The possibility of an asymmetric ponderomotive barrier in a nonuniform dc magnetic �eld by
high-frequency radiation near the cyclotron resonance for selected plasma species was contemplated
in [Phys. Plasmas 11, 5046 (2004)]. Here we show that a similar one-way barrier, which re
ects
particles incident from one side while transmitting those incident from the opposite side, can be
produced also in a uniform magnetic �eld, entirely due to inhomogeneity of high-frequency drive.

PACS numbers: 52.35.Mw, 52.20.Dq, 52.40.Db

In Refs. [1, 2], it was shown how an asymmetric bar-
rier can be produced, for selected plasma constituents,
by high-frequency (HF) radiation near the cyclotron res-
onance in an inhomogeneous dc magnetic �eld. The ba-
sic idea can be explained as follows. Under intense HF
drive, a charged particle undergoes fast oscillations su-
perimposed on the average drift motion. If the particle
drift displacement on a period of these oscillations is suf-
�ciently small, the average e�ect of the HF drive can
approximately be replaced by particle interaction with
an e�ective potential �(r) [3{5]. In the presence of a
dc magnetic �eld B0 = z0B0, the quasi-potential �(z),
which governs the particle drift along B0, is inversely
proportional to �! = ! � 
, where ! is the frequency
of the HF �eld, and 
(z) is the local gyrofrequency. At
the cyclotron resonance where �!(z0) = 0, �(z) experi-
ences a singularity and changes sign. Hence, the average
ponderomotive force on a particle, Fz = ��0(z), is re-
pulsive at 
(z) < ! but attractive at 
(z) > !, and can
re
ect particles traveling in one direction while transmit-
ting those traveling in the other direction. Putting aside
the unavoidable resonant heating of transiting particles,
such a barrier acts essentially like a Maxwell demon and
can be employed in various applications, including se-
lective separation of plasma species [6{9], con�nement
of one-component plasmas, enhancement of multiple-
mirror plasma con�nement [4, 10], and current drive
[1, 2, 11, 12]. In particular, it was shown [1, 2] that
the eÆciency of driving currents in this manner could
exceed the eÆciencies of the leading current drive tech-
niques [13], at least in principle.

The practical applications of the \Maxwell demon ef-
fect" (MDE) in a real plasma are limited though by the
requirements imposed on suitable con�gurations of HF
and dc �elds [2]. In particular, collective plasma response
impedes a maximumof HF electric �eld in the vicinity of
the resonance. The purpose of this paper is to propose
a novel scheme, in which this problem is eliminated by
circumventing the requirement of the cyclotron resonance
inside the interaction region. Namely, we show that MDE
can rely entirely on the HF �eld inhomogeneity, and thus
can be produced in a uniform (or quasi-uniform) mag-
netic �eld suÆciently far from the cyclotron resonance.

To show the e�ect, consider a particle driven by an
intense HF �eld E = ReEc, Ec = E0 exp(�i!t), as-

suming that the characteristic scale L of E0(r) is large
compared to the amplitude of the particle quiver mo-
tion. In this case, the average force on the particle can
be approximately represented as F = �r�, where the
ponderomotive potential � is given by

� = �1

4

�
E�
0
�� �E0

�
: (1)

Here �(!) is the polarizability tensor of the particle, and
thus � is essentially the interaction energy of an oscillat-
ing dipole with a moment d = Re [�Ec] in the �eld E.
(We assume no energy dissipation as the particle oscil-
lates in the HF �eld, so that � is Hermitian.)
Eq. (1) can also be represented in an equivalent form

� =
e2

4m!2

X
�

�� jE�j2; (2)

where e and m are, respectively, the charge and the mass
of the particle; �� are the eigenvalues of a dimensionless
tensor T = �(m!2=e2)� corresponding to the eigenvec-
tors � �, and E� = E0 � ��� . For an elementary particle in
vacuum, T is a unit tensor, and Eq. (2) yields the well
known expression � = �v � (e2=4m!2)jE0j2. However,
in the presence of a dc magnetic �eld B0 = z0B0, the
particle polarizability is modi�ed, so that T can now be
expressed as

T =

0
@ 1

1�b2
ib

1�b2
0

�ib
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1

1�b2
0

0 0 1

1
A ; (3)

where b = 
=! and 
 = eB0=mc, and thus

��1 = (x0 � iy0)=
p
2; ��1 = (1� 
=!)�1;

�0 = z0; �0 = 1:
(4)

Note that for a wave with resonant circular polariza-
tion � = �1 (we assume b > 0), the magnitude of �
increases in comparison with the vacuum case: � � ��v ,
where the enhancement factor � � ��1 grows in�nitely
as the cyclotron resonance is approached. A large mag-
nitude of the resonant ponderomotive potential renders
a convenient tool for plasma con�nement, employed, for
instance, in magnetic mirror devices [4, 14{19]. On the
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FIG. 1: HF �eld pro�le providing MDE in a uniform dc mag-
netic �eld: L1 � �l � L2.

other hand, the same e�ect can be used for producing
an asymmetric ponderomotive barrier, if the HF �eld is
supplied with an appropriate spatial pro�le.
The e�ect can be explained as follows. The average

ponderomotive force is proportional to the amplitude of
the particle oscillation at the frequency equal or close to
!. Then, to \see" the potential �, the particle must have
energy E � �2�v, which is � � 1 times larger than the
height of the potential:

E � ��� �: (5)

For a particle with kinetic energy less than �, to cross
the barrier will require receiving the energy (5) from the
HF �eld, for which process the characteristic time scale
is �t � �=!. If, in a uniform dc magnetic �eld, the HF
�eld region has a width L � �l, �l = (hvzi=!)�, and
the particle longitudinal (drift) and transverse (quiver)
energies are less than or comparable with the height of
the barrier �max > 0, the particle will be re
ected by the
barrier, as if �(r) were a true potential. On the contrary,
if L . �l, the same particle will be transmitted, as its
oscillatory motion will have no time to build up, and
hence the repulsive ponderomotive force will have no time
to establish.
Consider now a ponderomotive barrier in a plasma

with temperature T . �max, with HF �eld having a pro-
�le depicted in Fig. 1. Suppose that the left slope of the
�eld has a scale L1, which is large compared to the char-
acteristic value of �l for thermal particles. The barrier
will then re
ect particles incident from the left, preserv-
ing both their longitudinal and transverse energies. Sup-
pose now that the right slope has the scale L2 � �l, so
that each particle incident from the right is transmitted
through the thin region of repulsive force without sub-
stantial energy change. After that, a particle �nds itself
on the top of the potential hill, from which it further

slides o� adiabatically, so that the resulting longitudinal
and transverse energy changes are given by

�Ejj = �max; �E? = ��max: (6)

It is then clear that a ponderomotive barrier of a kind
shown in Fig. 1 is asymmetric and acts essentially like
a Maxwell demon, except that it increases the energy
of transiting particles, as required by laws of thermody-
namics. If employed for driving a current, such a current
source would exhibit the eÆciency close that by barri-
ers in nonuniform magnetic �eld [1]. Contrary to those
[2], however, the ratio �E?=�Ejj is �xed in this case,
and thus particle transverse heating cannot be reduced
in comparison with longitudinal acceleration. Neverthe-
less, practicing MDE in a uniformmagnetic �eld could be
favorable over previously proposed techniques, as it does
not require precise cyclotron resonance at the maximum
HF electric �eld, and hence is more accessible technolog-
ically.

It is important to emphasize also that the contem-
plated e�ect is robust and can be achieved at �nite ratio
L2=�l as well. The results of our numerical calculations
(Fig. 2) for

B0(z) = z0
�
1� 1

�

�
; (7a)

E0(z) = x0
a

2
exp

�
� z2

L2
1

� "
1� tanh

�
z

L2

�#
(7b)

(�eld amplitudes are measured in units m!c=e), indicate
that the e�ect persists up to L2=�l � 1, whereas at
L2=�l & 1 the barrier loses the asymmetry. Asymptotic
values at L2=�l� 1 have also been checked numerically
and have been found in agreement with our analytic pre-
dictions (6).

In summary, we showed that an asymmetric pondero-
motive barrier can be produced by HF radiation near the
cyclotron resonance for selected plasma constituents in a
uniform dc magnetic �eld. Such a barrier can operate
somewhat like a Maxwell demon, which re
ects particles
incident from one side while transmitting those incident
from the opposite side. Unlike the methods contemplated
in Refs. [1, 2] for the case of essentially nonuniform mag-
netic �eld, the proposed technique is technologicallymore
accessible, as it does not require precise cyclotron reso-
nance at the maximumHF electric �eld.

The work is supported by DOE contract DE-AC0276-
CHO3073.
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FIG. 2: Numerically calculated longitudinal velocity change �vz and transverse energy gain �E? (both interpolated) vs L2
for a particle after scattering o� a barrier depicted in Fig. 1 with B0 and E0 given by Eqs. (7). The particle initial velocity is

vz;0 = � 1

2
p
2
v̂; v̂ = (eEmax=m!)

p
� � (�max=m)1=2; Ê = mv̂2 � ��max; � = 100. To compare, analytic predictions according

to Eq. (6) for L2=�l = 0 and L2=�l = 1 yield respectively: �vz=v̂ � �0:26; 0:71, �E?=Ê � 0:125; 0. Particles incident with
the same jvz;0j but from the left are re
ected adiabatically.
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