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A set of integral equations is developed to study drift instabilities in Bnfplasma pressure/
magnetic pressufelasmas with the sheared slab magnetic configuration model. Both components
of the perturbed vector potentiaﬁ andA, , are considered in the equations, as well as the
perturbation of the electrostatic potentiél The magnetic gradient drift effects are taken into
account. The ion temperature gradient modes are analyzed and found to be unstable in fhe high
regime. The stability of the high8 modes is very sensitive to the mode frequency. The lower
frequency modes are more difficult to be stabilized since®laéfects cannot effectively change the
frequency and then the particle-wave interaction in the lower frequency regime. The magnetic shear
is shown to have strong stabilizing effects on the hgymodes. ©2002 American Institute of
Physics. [DOI: 10.1063/1.1436125

I. INTRODUCTION the dispersion relation of the local mode is a simple algebraic
equation. The mode structure is not considered and the par-
The ion temperature gradient mo@&G, 7 mode has  allel wave number is rather arbitrary in local studies. There-
been considered as a candidate to cause the anomalous ifjie, a nonlocal approach is needed to properly analyze the
transport in tokamak plasmas? Numerous theoretical stud- mode stability properties. If the radial wavelength of the un-
ies have been done. The analysts of electrostatic modes  stable mode is long| ;3/3x|<1), a differential form of the
have established the basic stability properties of very lowgispersion equation governs the eigenfrequency and the

B (B=8mPIB*<\/m./m;) plasmas with ion temperature mode structure. However, as noted by Reynd@tae inte-
gradients. Later, the behaviors of the ITG modes in fiite gra| form is more general and is valid in tHe;d/dx]|

plasmas attracted more attentfor® The common conclu- (1) regime so it is suitable for analyzing modes with
sion is that a finitg3 can effectively stabilize the ITG mode. fine-scale structures.

For example, the fundamental slab mode can be completely an earlier integral eigenmode equation was derived and
stabilized with3=3% (Ref. § at the Linsker's parametefs. numerically solved by Tangt al® for an artificially small

It seems that the ITG modes are no longer important inpass ratiom; /m,=100. Later, Linske} solved the problem
higher 8 devices, such as spherical tpkamékﬁo_we\_/er,_ for realistic mass ratios. The first linear integral eigenmode
this previous conclusion cannot be arbitrarily applied in h'ghstudy of the finite modified ITG mode in a sheared slab
B cases because it is based on the |ewssumption. Most |-« performed in the loyg limit by Dong et al,® where the
previous electromagnetic ITG mode studi€s*only con- eigenmode equation was derived from the linearized
sidered the electrostatic potenti@l and the parallel vector Vlasov—Maxwell system of self-consistent equations.
potentialA; while neglecting the perpendicular vector poten-Reynder¥® derived the same equation directly from the elec-
tial A, , which is a good approximation only for lo@plas-  tromagnetic gyrokinetic equation. The present work derives
mas. Moreover, the magnetic gradient is needed to maintaiand numerically solves the linear integral eigenmode equa-
pressure equilibrium for higg plasmas even in a slab, even tion of the ITG instabilities for arbitrary8 values in a
though many previous electromagnetic studies in a®3fab sheared slab with the magnetic gradient included. This work
did not consider it. So it is of interest to ask whether thecan be considered as an extension of Dengl® to include

instabilities persist in higlg slab plasmas. . the effects ofA, and magnetic gradient drift, and, on the
Local studies k =const) of the slab modes® have  gther hand, as a consequence to our previous local Work.
shown that the fullg effects, especially the magnetic gradi-  The organization of this paper is as follows. Section I

ent effect, are very important in the highregime. However,  ,resents the integral eigenmode equations. The numerical re-
sults and some analyses are described in Sec. lll. Section IV
3E|ectronic mail: gaozhe97@mails.tsinghua.edu.cn is devoted to conclusions and discussion.
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FIG. 1. Mode growth ratda) and frequencyb) vs B, for 7= 7.=2.0,
m; /mg=1836, =B, L,/Ls=0.025, andk,=1. The solid, dashed, and
dotted lines denote the results from the falmodel, the lowg model, and
the low 8 model with theV B drift effect addition, respectively.

FIG. 2. The same as Fig. 1 except fgr=2.0, 1.0 or 0.4. All the results are
from the full 8 model.

II. INTEGRAL EIGENMODE EQUATIONS

Consider a sheared magnetic field with a magnetic gra-

dient ' '
: (a)
> X X 08 1
B=B, 2(1+)+§/ , (1) :
LB LS < '-:
whereLg andLg are the scale lengths of the magnetic shear 0.4 .
and the magnetic gradient, respectively. The magnetic gradi- "~. 
ent is included to maintain the pressure equilibrium for high A
B plasmas in a slab, dog is not independent of the pressure 00N AN e
profiles, 0 10 20 30
k
Lo/Le=2 (Bi/2(1+ 7)), j=i.e. 2) \2 ' , ,
]

Here, L, = —(1m;)dn;/dx, 7;=dInT;/dInn;, and g, ol () ]
=8an;T;/B?. o |

The equilibrium distributions for ions and electrons are oa

n(Xq;) 2 2T (Xq:) A

fo,.—#%exp(_vﬁ e
Here Xg4;=Xx—v,/(}; is the guiding center variable and,
=—q;B/mjc is the gyrofrequency. 045 2 i 6 8

We introduce three fluctuating scalar fieldg:, A,

~ A ~ ~ ~ . FIG. 3. Mode structuréa) ¢(k) vsk and(b) ¢(x) vsxfor 8.=B;=0. The
(_: A-b), andA,(=(AX#&,)b), where all perturbed quam" solid and dashed lines denote the real and imaginary parts. The other pa-
ties have the form P(r,t)=p(x)expiky—iwt), rameters are the same as for Fig. 1.
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FIG. 4. Mode structuréa) ¢(k) vsk;
(b) #(x) vs x () Ay(k) vs ki (d)
b Ay(x) vsx; (e) Aj(k) vsk; (f) A(x) vs
x for B¢= B;=0.005. The other param-
eters are the same as in Fig. 1.
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e =k, /|k,|, IZszy)A/—ia/axk, and b=B/|B|. Assuming and the perpendicular and parallel components of Ampere’s

the fluctuations withw<|€);| andk\y<1, using the linear- law are
ized Vlasov equation and integrating along unperturbed or-
bits give the perturbed distribution functions for the electrons

and ions Ay(K)— Z Udk'deexm(k' k)x]

qjfo _Qjfo; jt (
fii=——=——(X)—1 —— w+
4 T T )

1
¢~ (VAT + véAé)}dt’, @

kT, iafoj)
Qjm; fo; dXg

1 \. A
VtJ =L (1,0,5,0) d(k")+L;(1,1,1,0A5(k")

X

+L(1011) Ak’ )” (6)

wherevy= (7' x&,)-b.

Fourier transforming p(x)=1/y27 [ p(k)expikx)dk
gives the description equations in tkepace. The quasineu-
trality condition gives

)y qJT °[¢(k>+

J J

Ag_S P : e —
A (k) }J) 27Tbonlk fdxexp[l(k K)x]

1 .
7TUdk’J dxexgi(k’ —k)x] L 0,1,%,1)A2(k’)

Vie ~y
x| 221 (0,0,0,03(K)+
th

L (k') + 1 L oAk
<[ 110,000k 21,  0.1,5.0] Ax(k')

+Lj(o,o,o,3A(k’)H =0. 7)

Here

Vij A ’
+;Lj(O,O,O,J)AH(k )HZO, (5)
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FIG. 5. The same as in Fig. 4 except
for B.=B;=0.05.
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and Z¢) is the plasma dispersion function. Equati@ds—(7)

are the basic equations that govern the behavior of the
modes. This model is valid for all orders gf so we call it

the full 8 model. Omitting the coupling to the compressional
Alfvén waves(CAWSs) and the magnetic gradient effects, that
is, A2=0 andLg—, gives the same equations as E@S.
and(5) in Dong et al.? which is valid in low 8 assumption

so is called the low3 model. In addition, the local treatment
(k=k’=0,k,=const) simplifies Eq¥5)—(7) to the local dis-
persion equations in Gaet al®

Ill. NUMERICAL RESULTS

The integral equations, Eg&)—(7), are solved using the
Raleigh—Ritz techniqu®. The detailed procedure is well
documented in Dongt al?® and will only be outlined here.
The fluctuating field can be expanded in terms of rect-

angular functions,
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FIG. 6. Mode growth ratéa) and frequencyb) vs »; for B.=8;=0, 0.005
and 0.05. The other parameters are the same as in Fig. 1.
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FIG. 7. Mode growth ratéa) and frequencyb) vsk, for 8.=8;=0, 0.005,
and 0.05. The other parameters are the same as in Fig. 1.
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FIG. 8. Mode growth ratéa) and frequencyb) vs L,/Lg for 8.=8;=0,
0.005, and 0.05. The other parameters are the same as in Fig. 1.

1, kE[(J_l)h,jh),

0, kel[(j—1)h,jh),
(12

wherep!, p?, andp® denoted, A,, andA,, respectively.
Substituting into Egs.(5)—(7), multiplying the resulting
equations byy;(k) and integrating ovek, we obtain a set of
linear algebraic equations

N
@S(k)zglaij<k), x;j(K) =

Miaj+Pia’+Qfia’=0, (5
Mfial+Pla’+Q%a’=0, (6")
Mial+Pla’+Qfa’=0. (7")
The full coefficient matrix is then
Ml Pl Ql
K=| M* P? Q?], (13)
M3 P3 Q3
The eigenfrequencw is given by the relation

A=0,

where \ is the minimal non-negative eigenvalue i§f The
corresponding mode structure can also be obtained. A no-
table problem is the integral in the perpendicular velocity
space, Eq(8). Since the plasma dispersion functidns not
independent of, the integral should be accurate enough to
describe the resonant regime.
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The parameters chosen here are the same as the usueérical results in Figs. 3, 4, and 5 verify this point through
Linsker's parameter$®'® 5,=2, =2, T,/T,=1, mi//m,  the mode structure ik space anc space a3=0, 0.01, and
=1836, L,/Ls=0.025, andk,=1 unless otherwise stated. 0.1, respectively. A mode at high is localized at a much
For convenience, all the lengths have been normaliz¢eito smaller length scale ir space than a mode at log More-
in the following. In addition, all the results that are not oth- over, the mode length scale i space increases witfs,
erwise stated are obtained from the fglimodel. which implies that the differential approach is not appropri-

Shown in Fig. 1 is the mode growth rate and frequencyate to deal with the problem in high cases.
as functions of3,. (or £/2). The mode cannot be stabilized by Figure 6 shows the mode frequency and the growth rate
finite B when theVB effect is included in the moddthe  as functions of#; for =0, 0.01, and 0.1. The mode is
solid and the dotted lingsHowever, the dashed lines show destabilized not only at lows but also at high3 when 7;
that the mode is stabilized #l,~1.4% if the VB effect is  exceeds a finite value, which indicates the mode is driven by
not considered. This is completely consistent with the previfinite z, even though thep dependence is weakened @as
ous resul It is also noted that in the loys regime, increas- increases. Moreover, the upper stability regime(i.e., y
ing B reduces the frequency and the growth rate more rapidly<0 as »;> »,,) exists in the lowg regime but is not found
in the models withV B than in the model withouVB. Con-  in the highg regime.
sequently, the frequency reaches a very low level very soon The k, spectra for differen{3 are presented in Fig. 7.
and is not changed efficiently iy any longer. These effects Similar with the ; dependence, the effect kf is weakened
are explained in the next paragraph using the analysis of as B increases. This trend was also shown in previous
simplified model. result§ using the lows model.

Local study® shows that the inverse Landau damping In addition, the magnetic shear can stabilize the mode
dominates the stability property of the mode. Thatdsaf-  even in the highB regime. Figure 8 shows the mode fre-
fects the growth rate mainly by changing the mode fre-quency and growth rate as functionslgf/L ¢ for 8=0, 0.01,
quency. With the fluid approximation(;<|w/k | <), the  and 0.1. Since the mode frequency increases with. &,
mode frequency is governed by H8) in Gaoet al,*®which  the high8 mode is stable at high, /L.
is rewritten here without the small ternd; ,

IV. CONCLUSIONS AND DISCUSSION

1+ w*e(n-b-—l)} 1- ﬁw—zi(l— w*e)
D) i b; kﬁyfi T 13) A series of integral equations is developed to study the
) ) slab drift instabilities in any3 plasmas. Both components of
+ Bi % E( _ O« e) =0. (14)  the perturbed vector potentidh, andA,, are considered in
bi kivg 7 w the equations, as well as the perturbed electrostatic potential
Then $. The magnetic gradient effect is included to keep pressure
balance. The ITG modes are studied and found hardly stabi-
dowloge) —ni(wlw,e—1) lized by finite 8 with the magnetic gradient effect inclusion.

(19 The stability property of the higj® mode is sensitive to the

. . mode frequency. Generally speaking, the lower frequency
As wlw, <0 and 7bi>1,d(w/w, )/dB is positive and  oqes are more difficult to be stabilized singeannot ef-
|d(w/w, )/3p| decreases with increasingand decreasing fectively change the frequency in the low frequency regime.
|w|. The decrease dd| reduces the inverse Landau damping, On the other hand, the magnetic shear can stabilize the high
so that the growth rate decreases. Both the mode frequency8 mode.
and the growth rate will flatten gradually #hsincreases, as The present study was performed in the slab geometry.
has been verified by previous numerical restifts!®Merely,  The two important events are the flattening of the frequency
with the usual parameters, the mode has already been stahifethe high3 regime and the reducing of the frequency due
before the frequency flattens too much. However, considerto the magnetic gradient. However, previous toroidal
ation of theV B effect makes the problem more complicatedresults! in the low g limit did not reveal the picture of
since VB obviously reduces the mode frequency. In the lowfrequency flattening wittB. That is, the analyses and results
B regime this reduction reduces the growth rate, while than this work may not be appropriate for the toroidal system.
reduction makes the frequency so low thgatannot affect However, a general idea may be useful in the toroidal work.
the frequency efficiently in the higl8 regime. Figure 2 Afavorable factor in a simplified analysier in some special
shows how sensitively the frequency affects the stabilityconditiong may become an unfavorable factor in a complete
property. Asn, decreases, the frequency increases and thanalysis(or in other conditions For example, the magnetic
growth rate decreases. Whexq is less than 1, the mode has gradient enhances the fini@stabilization effects on the lo-
been stabilized before the frequency and the growth rate flatal mode and the nonlocal mode in the high frequency re-
ten though the fulld model is used. gime while results in the fact that the nonlocal mode cannot

On the other hand, the unstable modes are those withe stabilized in the low frequency regime.

o~0(k,v;) because of the inverse Landau damping. But  The k, spectrum shows that the high ITG mode
then,k, is artificially chosen in the local model. In the non- spreads in a very widé, region. If the wavelength is so
local modelk,=(x/L¢)k,, so those modes with very low short thatkyp.~1, the electron temperature gradient driven
frequencies can be unstable in the smategion. The nu- modé&! (ETG modé may dominate. Although the ETG mode

B _,3i77i+7'(77ibi_1)kf”ﬁ/w2'
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