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1. INTRODUCTION
Stochastic collisionless transport is known to contribute significantly to the loss of

energetic ions in toroidal magnetic confinement devices even in the case of a tokamak with a
weak axial asymmetry of magnetic field [1]. Helical ripples of a stellarator magnetic field
considerably complicate the fast particle motion as compared to that in the tokamak, and may
cause the stochastic behaviour and stochasticity induced collisionless loss mechanisms of
high energy particles in the helical confinement systems as well. Thus the motion of energetic
toroidally trapped particles with the toroidal precession being in the resonance with the
helical ripple perturbations becomes stochastic due to the non-conservation of the
longitudinal adiabatic invariant J = 

�� ��
 VII  ds [2].

The main purpose of the present paper is the study of the stochastic transport of fast
ions in stellarators induced by the non-conservation of the magnetic moment µ. The particle
motion becomes stochastic as a result of the cyclotron interaction of fast ions with the helical
ripples of stellarator magnetic field. The appropriate consideration for tokamaks has been
done in [8]. The contribution of the stochastic transport to the loss of fast ions in the
stellarator experiments is discussed.

2. CYCLOTRON INTERACTION OF FAST IONS WITH HELICAL RIPPLES
The cyclotron interaction of a fast ion with a rippled magnetic field may be described

by the equations
( ) ( ) BiBVVV ωααρµ −=+= ⊥ �� ,sin22

II .                                              (1)

Here BV 2
⊥=µ  is the magnetic moment, α the gyro-phase and ⊥V  the perpendicular

component of the particle velocity, ωBi  the cyclotron frequency and ρ is the curvature radius
of the magnetic line of force determined as

( ) ( ) BBBBP B��B =∇⋅−+∇=−
0

2
0

21 ,2/ρ ,                                    (2)

P is a plasma pressure. For the case of a slowly varying magnitude of µ� , i.e. for

( ) ( ) BiBVVVM µωρ <<+≡ ⊥ /22
II , Eq. (1) yields the regular gyro-oscillations of magnetic

moment µµµ −=~ given by

( ) ( )( ) αρραµωµµ coscos~
⊥≅= VVM LB .                                    (3)

with IIV  the longitudinal component of the particle velocity and ρL = V /ωBi  the gyro-radius
and µ the gyro-averaged magnetic moment. In this case gyro-averaging of the right side of
(3) would yield zero implying the conservation of µ . Typical oscillations of µ for a
circulating 38 keV deuteron in CHS are shown in Fig.1. Due to the helical nature of stellarator
magnetic field the magnitude M may contain the oscillatory terms ∼exp[i(nϑ-Nϕ)] with rather
high toroidal mode numbers N  >> m, where m is the toroidal period number of stellarator, n is
poloidal mode number. They appear mainly due to the dependence of M on the curvature
radius ρ(ϑ,ϕ). It should be pointed out here that the curvature radius may contain helical
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harmonics with high N  even in the case when B(ϑ,ϕ) does not. It is confirmed by the profiles
of the helical harmonics (4,16) and (6,24) of the curvature radius expansion
( ( ) 1,cos 000 ≡−= � κϕϑκρρ NnnN )  for CHS with R = 92 cm shown in Fig. 1. For

comparison in Fig. 2 also the radial profiles of the corresponding harmonics of magnetic field
are shown. The high- N  helical modes of ρ(ϑ,ϕ) will result in the cyclotron interaction of the
particle gyration and fast oscillations of M. To estimate the effect of non-conservation of µ
caused by this interaction we expand M in a series of helical harmonics

( ) [ ]�
−= )(exp, ϕϑϕϑ NniMM nN .                                            (4)

and rewrite equation for µ�  as

( ) ( )[ ] αϕϑψψψµ ±−=−−= ±−+
�

NniiMi nNnNnNnN ,expexp5.0
�

.                       (5)

From the above equation it follows that in the presence of high- N  harmonics corresponding to
the cyclotron resonance 0=±−≡± αϕϑψ 				 NnlN , µ will not be conserved. In the lowest order

of drift approximation the resonant condition is given by
( ) ( )rVnNRBV B IIrII ≡−= ιω

00)( .                                               (6)

Wherefrom, it follows that the cyclotron interaction is only possible for fast ions which
satisfy

( ) ( )nNRnNRV LB ιριω −>−> 00 ,
0

.                                       (7)

Next we consider the important feature of the local character of the cyclotron resonance, i.e.
that it is possible only in the vicinity of the toroidal position ( )µϕϕ ,,Vrr= along the orbit

satisfying the condition ( )rVBV rr IIII =))(( ϕ  (see Fig. 5). In a conventional stellarator

configuration ( ht mεει << ) the resonant region in toroidal coordinate δϕ (corresponding with

( ) ( ) 1≤−= ϕψϕψδψ σσσ
nNrnNnN ), that contributes mainly to the variation of µ , is small

( )( )( ) 1)(
2/1 <<−−∝′≈ −

nmnNVV hr ιιεϕαδϕ ll




, here (…) ′  denotes the derivative with

respect to ϕ. This confirms the local character of cyclotron resonance. With the help of Eq.
(5), in the lowest order of the stationary phase method, we arrive for the variation ∆µr of
magnetic moment, caused by the cyclotron resonance at rϕϕ = , at the expression

[ ] ( ) 0)(,4)(sgn)(sin RMBlN lNrrlNrlNr ϕµιπµπϕψϕψµµ σσ ′−=∆′′+∆≅∆  .          (8)

Then the evolution of magnetic moment may be described by the following mapping

( )( ) ( ) ( ) ( )1111 1,cos, ++++ +−=Ψ−ΨΨ∆=− nn
n

nnnn
n
rnnn PG µµµϕµµµ .              (9)

Here 4)(sgn)( πϕψϕψ σσ
rlNrlN ′′+=Ψ ; nµ  and nΨ  are the values of µ and Ψ at some pass

through the resonant point n
rϕ ; 1+nµ , 1+Ψn  are the values of the same variables during the pass

of point 1+n
rϕ ; ( ) ( ) �

∆
−−=

ϕ
ϕιµ 1IIII VVdlNG r ; ( ) �

∆
∂∂−=

ϕ
ϕιµρµ rBVdVrRNP L

-1
II)2( .

Mapping (9) is similar to the one, which describes the stochastic diffusion induced by
cyclotron interaction of fast particles with TF ripples in tokamaks [3]. It differs, however,
from tokamak mapping by the existence of a several resonant points along the orbit (Fig. 5),
which form the effective resonant regions (Fig.6). The next stellarator peculiarity is the
existence of resonant levels with different poloidal mode numbers (Fig. 6) that decreases the
distance between the neighboring resonant levels by a factor ι/m . Therefore as a
stochasticity criterion we can use mG ιµµ >∂∂∆  which yields the following qualitative

evaluation of stochasticity threshold for the helical harmonics of ρ-1
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( ) ( ) ( ) ( ) 111251
0

1 −−−−−−− −−∝−−≈> nNlmnNlmR hLhcrnN ιιειπριιειρπκκ .          (10)

It follows from (10) that for 38 keV untrapped deuterons resonating with N=3m=24
harmonics in CHS ( l  = 2, m = 8, R = 92 cm, B = 0.9 T) at r/a=0.8 ( 17.0,7.0 ≈≈ hει ) the

critical value of κn,24  is less then 1%. Therefore, at least at the CHS plasma periphery, where
κ6,24(r≈a)≈0.3%, one may expect the stochastic diffusion of fast co-circulating ions with

( ) bD ωµµµ
2∆∝ , here RVb /IIιω =  is the bounce frequency. This diffusion corresponds to the

following effective pitch angle scattering in normalized magnetic moment λ=µB0/V
2

( ) ( ) ( ) ( ) ( ) ( ) bcurvblNhcurv lmnNRlmnNRD ωιιπριωκιιερλλ
22221112 −−−−− −−∝−−≅ .        (11)

For the stochastic diffusion induced by cyclotron interaction of deuterons with N=24
harmonics (11) yields Dλλ  ∼2÷50 s-1  that significantly exceeds the typical collisional pitch-
angle scattering rates  ν⊥∼10-1 s-1. This high stochastic pitch-angle scattering rate yields rather
low confinement time τn∼1/Dλλ∼20÷500 ms and may be considered as one of the mechanisms
responsible for loss of NBI ions on CHS in the case of tangential injection [4-7].

Let us estimate now the rate of stochastic radial diffusion of toroidally trapped fast
particles in stellarator due to non-conservation of the longitudinal adiabatic invariant [2]. The
corresponding stochasticity criterion may be written as follows

( ) ,12 >Γ thL rl ειερ                                                     (12)

where ( ) ( )[ ] 65sin16ln ÷≥−=Γ ϑειπει thlme . Thus one may expect that toroidally trapped

fast ions with ρL/r ≥ 0.1 ÷0.2 will diffuse with a high radial diffusion rate

( )[ ]hL lmRVD ειιρ 222 −Γ≅  resulting in the low confinement time of them

( ) ( )VlmRr Lh
t
n ιρειτ 2222 Γ−≈ .                                              (13)

For the typical CHS parameters we obtain t
nτ ∼10÷100 µs.  Note that due to the high

probability of the collisionless transformation of localized orbit into toroidally trapped and
vice versa the fast loss of toroidally trapped ions may significantly influence the confinement
of helically trapped ions in the case of perpendicular injection.

3. SUMMARY
The invariance breakdown of the magnetic moment due to the cyclotron interaction of

fast ions with a rippled magnetic field in a stellarator is shown to occur in the case of a
relatively large ratio of gyro- to flux surface radius, ρL/r≥  0.1÷0.2. Non- adiabaticity of  µ is
mainly due to the interaction with helical harmonics of curvature radius with high toroidal
numbers N. If the magnitudes of these high- N harmonics exceed some critical values the
transition to the stochasticity resulting in a collisionless pitch-angle scattering of fast ions
takes place. This collisionless scattering may even exceed the collisional pitch-angle
scattering rate and may be important for explanation the enhanced loss of tangentially
injected deuterons on CHS in the case of low magnetic field [4].

The non-conservation of the longitudinal adiabatic invariant, resulting in stochastic
diffusion of toroidally trapped fast ions, is expected significantly to weaken the confinement
of perpendicular injected ions with ρL/r≥  0.1÷0.2: This may be important for interpreting fast
ion loss measurements in present-day stellarators [4-7]. We note, however, that t

nτ  strongly

depends also on the number of field periods m; hence, for instance, the ratio of confinement
times of toroidally trapped NBI ions in Heliotron-E ( m=19)[8] and CHS is rather high,

210/ ≥t
nCHS

t
nHE ττ (in spite that ρLCHS/ρLHE≈2). This is in qualitative agreement with the better
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confinement of ions injected perpendicularly into Heliotron-E. Note that the weakening of
non-adiabatic effects with decreasing ρL/r  should improve the confinement of high-energy
ions in reactor-size machines.
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Fig.1 Profiles of n=4, N=16 and n=6, N=24
magnetic field harmonics in CHS ( R=92)

Fig.2 Profiles of n=4, N=16 and n=6, N=24
curvature harmonics in CHS ( R=92 cm)

Fig.3 Gyrooscillations of µµµµ  for 38 keV  deuteron
with initial pitch angle 132.5 °  in CHS

         
Fig.4 Toroidal projection of orbit of 38 keV

deuteron with initial pitch angle 132.5 °  in CHS

Fig.5 Resonant points in toroidal angle Fig.6 Resonant regions for 38 keV  deuterons in
CHS


