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Abstract
Tearing mode stability analysis in the presence of circulating energetic ions (CEI) is studied
in the reversed field pinch (RFP) magnetic configuration. In contrast to the minimal effect of
precessional drift of CEI on tearing modes in tokamaks, the effect of precessional drift of CEI
on tearing modes is important in the RFP. It is found that the effects of CEI on tearing modes
in RFP depend on their toroidal circulating direction, and have a strong relation to the pressure
gradient of CEI. For co-CE]I, tearing modes can be stabilized if the pressure gradient of
energetic ions is sufficiently large, which is qualitatively consistent with experimental results
in the Madison Symmetric Torus.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Tearing modes represent a class of magnetohydrodynamic
(MHD) instabilities that can negatively impact the perfor-
mance of magnetically confined plasmas. These instabili-
ties alter the magnetic field topology, lead to the formation
of magnetic islands, increase the local radial transport and
degrade plasma confinement. This is particularly impor-
tant in reversed field pinch (RFP) devices [1]. In the RFP,
tearing modes are responsible for the transformation between
poloidal and toroidal magnetic flux, maintaining the reversal
of toroidal magnetic field. They also play an important role
in the anomalous transport of particles and energy in the core
region of RFP plasmas. Hence, understanding the physics of
tearing modes in the RFP is important.

Energetic particles are inevitably produced in burning
plasmas and their confinement is important for self-sustained
heating and maintaining the integrity of the first wall in
fusion reactors. Significant effort has been devoted to inves-
tigating the interaction of energetic particles and MHD
instabilities [2, 3]. However, the study on the interaction
between tearing modes and energetic particles has only
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recently begun. Both theory and experiment have shown that
the interaction between tearing modes and energetic parti-
cles can be effective [4—10]. Some experiments [4-6] have
shown that neoclassical tearing modes (NTMs) can enhance
the loss of energetic particles, and energetic particles can
stabilize NTMs in turn. Recently, the effects of energetic
ions on linear tearing modes have been studied by theory
and simulation [8—10]. It was found that energetic ions affect
the stability of tearing modes mainly through interaction
with the ideal outer region [9, 10], and the effects of cir-
culating energetic ions (CEI) on tearing modes depend on
the magnitude of energetic ion pressure and their toroidal
circulating direction. Previous studies on the interaction
between tearing modes and energetic particles focused on
the tokamak geometry. However, energetic particles are also
abundant in RFPs with neutral beam injection. Recent exper-
iment in Madison Symmetric Torus (MST) RFP showed that
the amplitude of tearing modes is decreased with co-neutral
beam injection [11], namely tearing mode is stabilized by
co-CEI. Due to the unique RFP characteristics, such as low
q(q is the safety factor), the physics of the effect of energetic
ions on tearing modes in RFP maybe different from that in

© 2015 IOP Publishing Ltd  Printed in the UK
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tokamak. Energetic ions in the experiment in MST with tan-
gential neutral beam injection are primarily circulating and
thus we will investigate the effect of CEI on tearing modes
in this article.

In section 2, a heuristic picture is presented. In section 3,
the ideal MHD equation in the outer region including the
effects of energetic ions for tearing modes is derived, and the
stability criterion is calculated based on the parameters in
MST. Finally, the conclusion is given in section 4.

2. Physical picture

In this section, to understand the underlying physics, a heu-
ristic interpretation is described. The physics is similar to
that provided for the tokamak [9], except for the inclusion
of energetic ion precession drift, due to low ¢g(q < 1) and
high n(n > 1) in the RFP. Due to the drift orbit of energetic
ions being much larger than the resistive layer width of the
linear tearing mode, the effect of energetic ions on tearing
modes is mainly through the interaction between energetic
ions and the ideal outer region of tearing modes. Namely,
energetic ions can change the value of the stability criterion
A’ (the jump discontinuity in the logarithmic derivative of
the perturbed magnetic poloidal flux at the resonance sur-
face), which determines the stability of tearing modes. A’ is
obtained from the ideal MHD equation in the outer region
of tearing mode. In the outer region of tearing mode without
energetic ions, b-V Jj = 0 (where b = B/B is the direction
of magnetic field, Jj is the parallel current) in the low-p
plasmas, where the diamagnetic current due to the pressure
of background plasma is not considered. Then, Jj = J({2) is
a flux function, where O = Q(w) + oy, d Q/dyw =1 - q/q; (v
and ¢ y is the equilibrium and perturbed poloidal function,
respectively. gy = m/n is the value of g on resonant surface,
m and n are the poloidal and toroidal mode number, respec-
tively), satisfying b-V(2 = 0. Then the perturbed current can
be obtained as 6/ =—(d Jyp/d r) (1 - qlqs)‘1 Oy, which is the
ideal MHD equation in outer region of tearing mode. With
energetic ions, the equation becomes b-V J; +V-J 1, =0 (J 1,
is perpendicular current of energetic ions), Jj is no longer
a flux function. One can separate J = J) . + J| 5, satisfying
b-V J||,L- =0, bV J||!h +V-leh = 0, where J||yc, J||,h are the
parallel current of background plasma and energetic ions,
respectively. The behavior of background plasma is not
changed, so the parallel current perturbation of background
plasma 6J) . = — (d Jj co/d 1) (1 - q/qs)‘1 o y, where Jj ¢ is
the background plasma equilibrium current. For energetic
ions, fj, = fn(Qq + a*s ) can be obtained, where f;, is the dis-
tribution of energetic ions, d Q /d w; =1 — g/q; — wi/(qs ®;),
a® < 1 denotes the orbit average effect, w,, , are the preces-
sional frequency and transit frequency, respectively. Thus,
one can obtain the perturbation current of energetic ions
oJyp=—<Zev (dfi/dr) a’ s Wil —qglgs — @wa(qs @;) >,
where < ... > denotes the integration over velocity space, Z
is the particle charge number. Hence, the total perturbation
of plasma current

0= Jy.c+8Jjn
dJ, dJ
~ _ﬁéiw+(1_a2)ﬂéiw
dr 1-q/gq, dr 1-gq/gq,
d /
—<Zev Yio @a/(q01) a*sy>,
dr (1-q/g,~wal (q,))(1-q/4q,)
(D

where the first term on the right hand of equation (1) results
from the MHD effect, the second term on the right hand
of equation (1) denotes the orbit average effect on the per-
turbation current of energetic ions. It tends to reduce the
perturbation current of energetic ions. Thus, given the equi-
librium currrent, the orbit average effect of energetic ions
tends to stabilize tearing modes for co-CEI, while desta-
bilize tearing modes for counter-CEI. This effect is well
described in the [9, 10]. The last term on the right hand of
equation (1) represents the perturbation current due to the
precessional drift of particles. If the precessional frequency
is very small, satisfying |w./((g; —q) w;)| < 1 near the reso-
nance surface, it reduces to the normal diamagnetic current.
This is always satisfied in tokamak or for thermal particles.
On the other hand, if the precessional frequency is large,
|wa/((gs —q) w;)| > 1 near the resonance surface, it means
that CEI have a net drift after the bounce average, which can
produce parallel perturbed current. It also depends on the
toroidal circulating direction of CEI, which is similar to the
orbit average effect. In tokamaks, the effect of precessional
drift of CEI is neglected due to |w./((gs —q) w;)| < 1, except
very close to resonant surface, as done in [9]. However, in the
RFP, |w /((qs —q) ;)| ~ O (1) in some region near the reso-
nant surface due to g < 1 and n > 1, which was pointed out in
[12]. Thus, the effect of precessional drift of tearing modes is
important in the RFP.

3. Stability criterion of tearing modes

In this section, based on the above physical picture, the
detailed calculation will be shown. In the outer region, the
linearized equations are

—V5PC—V'5P1,+%5JXB+%Jx5B=0, ©2)
B-Vép. +6B-Vp. =0, 3)
5Py = dp. X+ (6py — 5., ) bb, @)

where Op, is the perturbed pressure of background plasma,
which is assumed to be isotropic and incompressible. & py, is
the pressure tensor of energetic ions, satisfying the Chew—
Goldberger-Low [13] pressure tensor form. J, 6 J are the
equilibrium and perturbed currents, respectively. B, 6 B are
the equilibrium and perturbed magnetic field, respectively. I
is the unit tensor, b = B/B denotes the direction of equilibrium
magnetic field. Making the operation V-[ B/B? x (...)] on equa-
tion (2), one can obtain
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oJy
BV | +6B-Vo JVB

(5)

BxV§ BxV-6

+cV-( Pe p"):o,
B? B?

where ¢ = J)/B. The equilibrium magnetic field can be
expressed as

B=IV(+V{XVy, (6)

where the toroidal geometry is assumed to be axisymmetric. The
symmetric coordinate, (y, 6, {) are chosen as flux coordinates.
6 and ¢ are the poloidal and toroidal angle, respectively. For
tearing modes, the perturbed magnetic field can be written as

8B =V x(8Ayb). (7)

For simplicity, single helicity is considered, namely the form of per-
turbation can be expressed as 64 = 52“ (r)exp(im 6—in {—iwt).
Then, making the integral ¢d 6 J exp(—im 6 +1in {) on equa-
tion (5), one can obtain

r oy da@
Ryoor )Jdy B

Ji
(m— nq)—+(m1+

5B||
Jg —Jg B ®

BXV &5 BxV.6
+C¢JV-(M)de+c¢JV-(M)exp
B B

(—im0+in £)do=0,

where J = (Vy x VO-V{)™! is the Jacobian. Then, following
the procedure of [14], equation (8) can be derived as

: 2
Loy + 4rirByB

d r d
L=F{ —| — =
{dr[m2+nze2 dr]

5K =0, )

1 ro’? 2ne(mo+ neg)
B 7_m +n2€2+ 26242
(m* +n*e?) (10)
1 do  d(gF) 2mneGg
- ——r —rGog+———>
m2+n2€2[ dr dr o8 m? + n’e?
2n%e?gG?
+ 2. 22 |
F(m”+n“e)
By x Vo
5K = ¢Jv-(°Tph) exp (—imf + in¢) do, (11
0

WhereF=mBg—n€B¢,G=ch+neB9,5y/=G5A”/B,
g = (d p/d r)/B% e = rIRy is the aspect ratio. Without energetic
ions, equation (9) reduces to equation (17) in [ 14]. Next, to obtain
the expression of & py, it is necessary to solve the perturbed distri-
bution of energetic ions. The linearized drift kinetic equation [15] is
%EML ( I+ n—a—w) + Ze (6¢p — 5A) =4 s,
o o R o

o = JB} a2)

don _ Q(éA-éq&—vd-VéA,i), (13)
dr iw
where Py = — Z e ylc + vI/By is the toroidal momentum,

E = v?/2 is the kinetic energy, Q = (-i) Z e (0 —n =)
(OFW/OE), @+ = (F/OP)(F/E)™!, v, is the magnetic drift
velocity of particles, d ¢ is the perturbed electrostatic poten-
tial, A satisfies 6A| = ¢ b-VOA/(i w). For ideal MHD, the
perturbed electric field 6E) = 0, so 6A = 6 ¢. To solve dh, it
is convenient to introduce a transform coordinate (ry, 6,4, @),
satisfying ry=r—¢q ppcos@, 0y~ w;t,a=q 0 —{ ~ w,t for
well circulating particles, where w; = v|/(J B), wq = — vq By/
(r By), vy = Vi 2/ (Q2:R), p, = v|/f2¢, q py is the orbit width
of particles, (2. is the gyro-frequency, By is the equilibrium
poloidal magnetic field. In this coordinate, equation (13)
can be rewritten as

2RB} [ B\, B
dohy =k, 26 +|ei® (kg _ ikr—C +e 0 ky+ ikr_g
dr rB B B

de 5 A,

X Z 1[9]1 (/1) ei(m—nq)6+ina),1t—iwt’ (14)

where the subscript d denotes the variables defined in the r,
ko= (m By + n r Bo/R)/(r B), k, = — i (06A/0r)/8A, J)(2) is the
Bessel function, A = k, g p;. Here, the terms with O(q pi/a)
are neglected, while the effect of O(g py/A,;) (4,, is the mode
width) is kept. Then, integrating equation (14) over 7, one can
obtain

de 51’4\(1 ei(m—nq)9+inmdl— iwt
w

RB}
{ z(l+m—nq)a),+na)d—

1,110
+y L (mﬂ - kgﬁ) .
~ (l+m—nq) o, +nws — @ A da

Making the reversed transform to the coordinate (r, 6, (),
equation (15) can be derived as

OQua RBe

0] r32 Z

+Qu Z
(I+m—nq)w;+nw;—w

(lk l kg%)] 15A
g (16)
Now, the perturbed distribution of CEI is obtained. Based

on the expressions (12) and (16), and using the definition

oy =

ohg =

'l—l ilGJl

(15)

'I+l’] i(l+l’)t9JlJ

oh == 6A

(I+m—nq)w;+nw;—w

I+ i +1)0

d3vv”25fh, equation (11) can be derived as

oK = / dwp (6Ks + 6Ky, (17)
~ . .ByoF, A

0Ky = ik}— ——, 18

f g4 or (18)
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Figure 1. The equilibrium profiles with 8 (0) = 0.07, Biac = 0.5 (Birac = B1(0)/f (0)).

R =-2_T
w RQBB@

S5A

RoB2Y
4 AR )
(m—nq) w; + nwg — o rB?

—ZkgROB‘g (1-RW))-— (m —ng+ M) B
qpy @, B
(1 —Jg(ﬂ))], (19)

where 6@, 5K, represent the adiabatic and kinetic contribu-
tions of CEI, respectively. Here, the high harmonic |/| > 1
terms are neglected, and large aspect ratio is assumed.

To proceed, it is assumed that the equilibrium distribution
F= Z F} o satisfies slowing-down model for a population of
formed CEI by a purely co-CEI (v = +) component or a purely
counter-CEI (v =—) component, as

v

P

FI/
"0 232 m BoE,

EZS(W)HE-Ey, (20
where A = u/E denotes the pitch angle, E,, is the maximal
energy, H(x) is the step function. As done in [9], it is assumed
that J§ ~ @. a<1is a constant coefficient. Then equation (17)

can be reduced to

2rB n )

9 Phm
21

where o is neglected for tearing modes, CI = 1 + 2 y +2 4°
In[(1 = /=), x = (m = nq) Ro ! (nphy,)s pl = v\2Em | 20
wq ! w; = p;/ | Ry is employed. The physics of 6K is similar to
that in equation (1). The first term on the right hand of equa-
tion (21) represents the effect of precessional drift effect, and
the last term denotes the orbit average effect on the perturbed

current of energetic ions. If |y| > 1, the precessional fre-
quency is very small, the first term in 6K reduces to the usual
diamagnetic drift current. For tokamaks, [y| > 1 is always
satisfied, except very narrow region close to the resonant sur-
face, so the effect of precessional drift can be neglected, as
done in [9]. For RFP, || ~ O (1) for energetic ions in some
region near the resonant surface, due tothe g < 1 andn > 1 in
the RFP, which is pointed out in [12]. Thus, the effect of pre-
cessional drift on tearing modes can be important in the RFP.
Substituting equation (21) into equation (9), one can obtain

_ 1 dpy
Loy+oy Y —
v V/Z B dr
(22)
39—(C1 1)+ ”’:ﬁ%” (1-8)
2F ByG” Pl

where the parameters are normalized as follows: r — a r,
B — B(0)B, B¢ = 8ap} | B>(0). Here, the imaginary part of
0K is not considered, since it induces a real frequency, which
is not important for tearing mode in outer region as the inertia
term. From equation (22), it can be known that co-CEI plays
a stable role on tearing modes, while counter-CEI plays an
unstable role on tearing modes with df;/d r < 0. This is consis-
tent with the physical picture in section 2. If the precessional
effect is neglected, equation (22) is equivalent to that in [9] in
tokamak geometry. Thus, based on equation (22), the stability
criterion A’ for tearing mode can be calculated.

For typical RFP like MST, the main parameters By = 0.3 T,
a = 0.5 m, Ry = 1.5 m. The profiles of equilibrium current
and pressure are o = oy (1 — 1), oo = 2 al(q (0) Ry), pc = Peo
(1.04 + 0.52 * —6.78 r* +7.68 r° —2.47 1) (B, = 8 7 p/B*(0),
e is the background pressure), 8, = o (3.5%exp(—12/0.044)),
where f.9, Pro are used to modify the weight of ., ), respec-
tively. Plasma beta at axis f (0) = f.(0) + B,(0). Considering
m=1,n=5mode, f (0) = 7% and 25 keV ions formed by
CE]I, the equilibrium profiles can be seen in figure 1. Based on
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Figure 2. The stability criterion of tearing modes against the fraction of CEI v S, where v = — 1 and v = 1 denote counter-CEI and co-

CEL respectively.

equation (22), the stability criterion A’ for tearing modes can
be calculated, which can be seen in figure 2. It can be found that
the effect of CEI on tearing modes is dramatic, and depends
on the toroidal direction of CEI. For counter-CEI, as the frac-
tion P of counter-CEI increases, A’ increases. For co-CEI,
as Pac increases, A’ decreases, and becomes negative if fiyc
is sufficiently large. Thus, counter-CEI tends to destabilize
tearing modes, while co-CEI stabilizes tearing modes. This is
consistent with the physics picture pointed out in section 2, and
it is also qualitatively consistent with the recent experimental
results in MST [11], where it was shown that the amplitude of
tearing modes was reduced when co-NBI was injected.

4. Conclusion

In this article, the effects of CEI on tearing modes in RFP
have been studied. In contrast to little precessional drift
effect of CEI on tearing modes in tokamak, the precessional
effect of CEI on tearing modes is important in RFP, since
wg((m —n q) o) ~ O (1) near the resonant surface due to
low ¢ and high n in RFP. It is found that the effects of CEI
on tearing modes have a great relation to the magnitude of
P, and depend on the toroidal circulating direction of CEIL
For co-CElI, energetic ions can reduce the value of stability
criterion A’ of tearing modes, and stabilize tearing modes,
even suppress tearing modes. For counter-CEI, energetic ions
can increase the value of stability criterion, and destabilize
tearing modes. For the balanced tangential neutral beam
injection, energetic ions have no or little effect on tearing
modes. The result is qualitatively consistent with the recent
experimental result in MST, where it was shown that tearing
modes can be stabilized by CEI. Thus, our analysis suggests
that tearing modes can be suppressed by co-CEI in RFP with

appropriate f3,.

Here, it is necessary to pointed out that the effects of ener-
getic ions on A’ is only considered, which is valid for orbit
width of energetic ions larger than island width. If the orbit
width of energetic ions and island width are comparable, the
effects of energetic ions in the resistive inner region needs to
be considered.
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