PRL 95, 125001 (2005)

PHYSICAL REVIEW LETTERS

week ending
16 SEPTEMBER 2005

Observation of Weak Impact of a Stochastic Magnetic Field on Fast-Ion Confinement
G. Fiksel, B. Hudson, D. J. Den Hartog, R. M. Magee, R. O’Connell, and S. C. Prager
Department of Physics, University of Wisconsin—Madison and Center for Magnetic Self Organization in Laboratory
and Astrophysical Plasmas, Madison, Wisconsin 53706, USA

A. D. Beklemishev, V. I. Davydenko, A. A. Ivanov, and Yu. A. Tsidulko
Budker Institute of Nuclear Physics, Novosibirsk, Russia
(Received 17 May 2005; published 14 September 2005)
Fast ions are observed to be very well confined in the Madison Symmetric Torus reversed field pinch
despite the presence of stochastic magnetic field. The fast-ion energy loss is consistent with the classical
slowing down rate, and their confinement time is longer than expected by stochastic estimates. Fast-ion
confinement is measured from the decay of d-d neutrons following a short pulse of a 20 keV atomic
deuterium beam. Ion confinement agrees with computation of particle trajectories in the stochastic
magnetic field, and is understood through consideration of ion guiding center islands.
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Magnetic fields can be stochastic in numerous laboratory and astrophysical plasmas. The trajectories of charged
particles can then also be stochastic, with a large effect on
particle transport. The diffusion of the magnetic field in
space can be characterized by a diffusion coefficient, Dm .
For particles that are closely tied to field lines, a simple
estimate for particle diffusion in a stochastic field is [1]
D  vDm , where v is the particle velocity along the field.
However, for energetic (fast) particles, guiding center drifts
can cause the particle path to differ significantly from the
field line path, and the influence of field stochasticity on
transport becomes less clear. Energetic particle transport in
a stochastic magnetic field is influential for laboratory
plasmas studied for fusion energy; for example, it will
affect the feasibility of neutral beam injection as a means
to heat the plasma and will determine the confinement of
fusion produced alpha particles during magnetic reconnection. For astrophysical plasmas, energetic particle transport
in stochastic fields can be important in thermal conduction
in galaxy-cluster plasmas and cosmic ray propagation.
In this Letter, the reversed field pinch (RFP) laboratory
plasma is employed to measure transport of fast particles in
a stochastic magnetic field of a standard RFP plasma. We
measure the confinement of fast ions generated by injection
of energetic neutral atoms. The confinement is determined
through detection of neutrons from the fusion reaction
between the fast ions and the background deuterium
plasma.
Electrons, which are closely tied to field lines, have been
shown previously [2 –6] to obey the above estimate for
confinement. We show here that the transport of energetic
ions is far below that estimate: the ion orbits are well
ordered, despite the stochasticity of the underlying magnetic field. However, if the stochasticity becomes sufficiently large—as occurs during a reconnection event —
the ion confinement is degraded. These results are understood theoretically by applying ideas commonly employed
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for magnetic fields to the ion guiding center trajectories.
The helical trajectories of the ion guiding center in the
equilibrium magnetic field can be described by a rotational
transform. When perturbed, the ion trajectories can develop islands, which can overlap and lead to stochasticity
and transport [7]. These ideas have been confirmed through
numerical simulation of ion trajectories. The condition for
island overlap for ion guiding centers differs from that for
magnetic field lines. Hence, we observe that fast-ion confinement far exceeds that expected for low energy ions, a
favorable result for the application of neutral beam injection for the RFP. However, during a reconnection event, the
magnetic stochasticity becomes sufficiently large that the
ion transport increases dramatically.
In the Madison Symmetric Torus (MST) RFP [8] (with
minor radius a  0:51 m, major radius R  1:5 m) fastion confinement is measured via decay of d-d fusion
2.5 MeV neutrons following a short pulse of an atomic
deuterium beam injected into the deuterium plasma. This
technique was successfully applied for fast-ion confinement studies in tokamaks [9,10], spherical tori [11], helical
systems [12], and mirror machines [13]. The RFP introduces the new element of magnetic stochasticity.
A short pulse (1.3 ms) of deuterium atoms at an energy of 20 keV (0.5 MW) was injected approximately at
the equatorial plane, tangential to the magnetic axis, and
parallel to the toroidal plasma current. The beam content of particles with the full energy is greater than 90%.
The neutron flux was measured with a plastic scintillator
(Bicron BC-408), 127 mm (5 in.) in diameter and 127 mm
(5 in.) in length, coupled with a 130 mm diameter photomultiplier tube, both shielded from hard x rays by 5 cm
thick lead, and placed near the MST vacuum vessel.
The measurements were performed in ‘‘standard’’ RFP
plasmas, which are inhabited by multiple modes of internally resonant tearing magnetic fluctuations, magnetic
field stochasticity, and a particle confinement time about
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1 ms [4,14]. For these experiments, the plasma current
Ip  400 kA, central plasma density n0  1:2 
1013 cm3 , and the central electron temperature Te0 
400 eV. The electron density profile was measured with
an 11-chord far infrared interferometer [15] and the electron temperature profile with a multipoint Thomson scattering system.
The flux of neutrons (Fig. 1) increases during beam
injection, from the buildup of the fast ions. Thereafter it
slowly decays in several milliseconds. If we assume a
slowing down of ions by classical Coulomb collisions,
then from the data of Fig. 1 we can determine the fastion confinement time.
The total neutron flux is calculated from
n t 

Z
V

ni rnfi r; tT Efi tvfi tdV;

(1)

where T Efi  is the d-d fusion cross section [16] and nfi is
the fast-ion density. We model the fast-ion energy losses by
the classical collisional rate [17]:
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where Efi and mfi are the fast-ion energy and mass, and the
remaining notation is standard. The right-hand side includes slowing from electrons and ions. The plasma
mean ion charge was assumed Zeff  2 with C6 being
the main impurity. The uncertainty in Zeff does not affect
our conclusions.
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FIG. 1 (color online). Comparison of measured neutron signal
(dots) and modeling (solid lines). The shaded area represents the
NBI duration. The solid loss
fi  1 line is a result of modeling
with classical fast-ion slowing down and perfect ion confinement. The vertical error bars represent the spread due to statistical uncertainty in Te measurements. The solid loss
fi  20 ms
and loss
fi  1 ms lines show the fits for the corresponding fastion confinement times.
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The fast-ion density profile at birth is calculated numerically by tracking the fast ions and computing the time spent
at each point. The ion orbits were calculated using full
orbit equations with equilibrium magnetic field profiles
obtained using an equilibrium reconstruction code [18].
The contributions from the ions born at different points
along the primary beam were weighted according to the
beam attenuation. The resulting density profile is peaked at
the plasma center with about 70% of the fast particles
contained inside r=a  0:3.
We assume that the fast-ion profile does not change in
time during the neutron decay. This assumption is justified
a posteriori by the large fast-ion confinement time.
Furthermore, we confirmed that ad hoc changes in the
fast-ion profile do not change significantly the neutron
yield because of the relative flatness of ne and Te profiles.
We assume that the fast-ion losses can be described by a
single time constant loss
fi according to
nfi
dnfi
 Sfi  loss
;
fi
dt

(3)

where Sfi is the known fast-ion source. Equations (1)–(3)
are solved simultaneously to infer loss
fi .
The calculated neutron flux time history for different
values of loss
fi is shown in Fig. 1 (solid lines). The calculated neutron flux is normalized to the experimental value
at the end of injection. The curve with the fast-ion confinement time loss
fi  20 ms lies below the experimental
points, and the curve corresponding to the stochastic confinement time loss
fi  1 ms decays much faster than the
experimental data. Therefore, confinement is much longer
than predicted by the simple stochastic estimate and is
bounded from below by 20 ms.
To compare with experiment we compute ion trajectories in the magnetic field using the code RIO which resolves
full ion orbits in a magnetic field. Helical magnetic perturbations with poloidal mode numbers m  0; 1 and toroidal
mode numbers from n  1–32 that are dominant in MST
are included. The radial profiles of each tearing mode
Fourier harmonic fluctuation were computed by a nonlinear resistive MHD code DEBS [19], and the amplitudes
were normalized to the corresponding values measured at
the MST wall. The energy losses in the background plasma
are represented by the friction force es  is vfi , which
includes the fast-ion slowing down on plasma electrons
and ions. The velocity pitch angle scattering and diffusion
are small relative to slowing down and were neglected.
Figure 2(a) illustrates the difference between the ion
guiding center orbits and the field lines, which are shown
for the same starting point, r=a  0:15. Energy losses were
neglected for clarity. Ion orbits stay attached to the starting
flux surface, but the field lines quickly diffuse in the radial
direction and exhibit stochastic behavior. The difference
arises since orbit drifts modify the resonance coupling to
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FIG. 2. (a) Puncture plots, in the radius-toroidal angle (r-)
plane, of magnetic field line and ion guiding center (IGC) with
the same starting point r=a  0:15. The field line randomly
wanders through the plasma volume while the fast ion stays
attached to a flux surface. (b) Safety factor profile for magnetic
lines (qM ) and for fast ions guiding center (qfi ). The horizontal
lines depict the positions of resonant surfaces q  m=n and the
widths of the corresponding magnetic islands.

a D ion with an energy 20 keV and a starting point r=a 
0:15. Following the magnetic field analogy
one
q
 can calcu~rn r
v
~rn is
late the ‘‘IGC island width’’: wfi  4 v# nq0 , where v
fi
the radial component velocity resonant with qfi and the
resulting IGC islands are depicted in Fig. 2(b). Since the qfi
profile is shifted upward relative to the qM profile, the qfi 
1=6 resonance is displaced to r=a  0:6, and a new resonance qfi  1=5 appears at r=a  0:4. The innermost IGC
islands do not overlap and the central region is resonancefree, which explains the good ion confinement.
The dynamical evolution as the fast ions slow down is
shown in Fig. 3. The ion energy decays according to the
collisional slowing down rate [Fig. 3(a)] while the position
of the ion guiding center [Fig. 3(b)] remains attached to a
flux surface, until the energy reaches a threshold value ( 
7 keV for a D ion) at t  0:016 s at which point the ion
guiding center trajectory becomes stochastic. This agrees
with an expectation that at sufficiently low energy the ion
trajectory approaches the field line and replicates its stochastic properties. Indeed, calculations show that as the
fast-ion energy decreases so does the gap between the fastion qfi and the magnetic qM profiles; at the threshold
energy the IGC islands overlap, triggering stochastization
of the ion orbits. The threshold energy corresponds to a
relative value of the ion Larmor radius L =a  0:05. The
jump in the ion guiding center position at t  0:007 s in
Fig. 3(b) corresponds to the trapping of the ion in the qfi 
1=5 island as the ion slows.
If the magnetic stochasticity becomes sufficiently large,
then even particles with large guiding center drifts can
develop stochastic trajectories and large transport. During
a reconnection event in MST, the magnetic fluctuation

r/a
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the magnetic field perturbations in the way illustrated in
Fig. 2(b).
Figure 2(b) depicts the profile of the magnetic field
safety factor qM  rB =RB and the position of tearing
resonances qM r  m=n. The m  1 magnetic island
widths for the dominant modes, calculated as wM 
r
~
4 bBrn# nqr0 [20], are indicated by straight lines. The innerM

most island corresponds to the n  6 mode resonant at
qM  1=6. The n  5 mode is not resonant since qM <
1=5. The observed overlapping of the magnetic islands is
the cause for magnetic field stochasticity.
The ion orbits have a rotational transform different from
that of the field lines, which changes the resonant interaction with the magnetic fluctuations. In analogy to the
magnetic field safety factor we can define, in the drift
approximation, the ‘‘ion guiding center (IGC) safety factor’’ as qfi  rv =Rv , where v and v are toroidal and
poloidal guiding center velocities. They are not equal,
qfi  qM , because v =v  B =B due to the ion orbit
drift. The IGC safety factor profile is shown in Fig. 2(b) for
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FIG. 3. (a) Time dependence of ion energy and (b) the position
of the ion guiding center obtained with the code RIO. The ion
remains attached to a flux surface until the energy reaches a
threshold value (7 keV for a D ion) at t  0:016 s at which
point the ion trajectory becomes stochastic. A characteristic
jump in the ion guiding center position at t  0:007 s corresponds to trapping of the ion into the qfi  1=5 island as the
island moves towards the plasma center during the slowing
down. The threshold energy corresponds to the Larmor radius
L =a  0:05.
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FIG. 4. Waveform of neutron flux with a reconnection event at
t  0:02 s. During the 200 s duration of the event, the
neutron flux drops by a factor of 2. After the event the slow
decay is resumed.

amplitudes triple, and we calculate that the ion guiding
centers should overlap, leading to stochasticity. We observe that the neutron flux halves during the 200 s reconnection event (corresponding to the crash phase of a
sawtooth oscillation), as shown in Fig. 4. This indicates
that the fast-ion confinement decreases from more than
20 ms to of the order of 200 s during the reconnection
event.
In summary, confinement of fast ions in the stochastic
magnetic field of the RFP was studied by measuring the
decay of the fusion d-d neutron flux following impulsive
injection of deuterium neutrals. The fast-ion confinement
time (>20 ms) is much longer than the estimate for lower
energy particles that closely follow field lines (1 ms),
and also longer than the bulk plasma confinement time
(1 ms). This relative immunity of fast ions to field stochasticity agrees with the computation of particle orbits in
the RFP stochastic field, and is understood from inspection
of ion guiding center islands, which can differ significantly
from magnetic islands. However, during a reconnection
event, stochasticity is sufficiently large that fast-ion trajectories become stochastic and the confinement time decreases (to 200 s). These results illustrate the limits
of the simple transport estimates that assume that particles
follow field lines. They also show that fast ions are well
confined in the RFP, a favorable result for the use of neutral
beam injection as a control tool, and for confinement of
fusion-generation alpha particles. For the latter, the observed threshold transition to poor confinement at low
energy can possibly be exploited as a means for ‘‘ash’’
removal.
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