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Electromagnetic ion temperature gradient modes of tearing mode parity
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The ion temperature gradient modes of tearing mode parity are investigated for arlgtrary
(=plasma pressure/magnetic pressylasmas in a sheared slab. Under the j@¥imit, the results
agree with Reynders’ conclusion that the lowest orderX) mode of tearing mode parity persists
after the fundamental modé=€ 0) of drift mode parity is completely stabilized by finig[J. V. M.
Reynders, Phys. Plasm&s1953(1994]. However, when the effects of the magnetic gradient drift
and the coupling to the compressional Alfveraves are included, tHe=0 mode is more difficult

to stabilize than thé=1 mode. It is also shown that thhe=1 mode is much easier to stabilize by
the magnetic shear than the 0 mode. Generally, the=1 mode grows faster in the low magnetic
shear and lovwB regime while thd =0 mode is the dominant eigenmode of ion temperature gradient
instability in high 8 plasmas. ©2002 American Institute of Physic§DOI: 10.1063/1.1471516

I. INTRODUCTION magnetic gradient is needed to maintain pressure equilibrium
for high B8 plasmas even in a slab.
The ion temperature gradie@iTG, 7;) modes have been Recently, Gacet al?® developed a set of integral equa-

considered as a candidate responsible for the anomalous itions to study drift instabilities in plasmas of arbitrag
transport in tokamak plasmas and investigated in numer- values with a sheared slab magnetic configuration. Both
ous theoretical studigs* Early analyses of the electrostatic components of the perturbed vector potenfialandA, , are
modes**~° establis?ed the basic stability property in very qonsidered together with in this full 8 model, as well as
low B8 (:3:%7"2'3/5 <me/m;) plasmas. Later, electromag- {he magnetic gradient drift effects. THe=0 modes were
netic effects ~“~"were included to study the ITG mode with analyzed and found to be unstable even at a ffighince3
finite 8 _modification. On the other hand, an integral cannot effectively change the frequency and the particle-
approach® was developed to throw off the long- \ave interaction in the lower frequency regime.
wavelength feS_tVICt|0n|k¢Pi|7<1%) that is necessary in the Thel=1 mode is investigated in the present work with
earlier differential approach.”™ ~ the full 3 model. The emphasis is placed on whether Ithe

In most of the previous studies, such as the first linear=1 mode still dominates in the lo, regime in highg
integral eigenmode study of the finigmodified ITG mode  plasmas. The results are compared with those forl the
in a sheared slab performed by Doagal.,'” only the fun-  mode.
damental (= 0) eigenmode of drift mode parity was consid-  The organization of this paper is as follows. The basic
ered, wherd is the harmonic number of wave function in integral eigenmode equations are presented in Sec. Il. The
radial direction. Reyndet$ derived the same eigenmode numerical results and some analyses are described in Sec. Ill.
equation directly from the electromagnetic gyrokinetic equa-Section IV is devoted to conclusions.
tion and investigated the lowest orddr=1) eigenmode of
tearing mode parity. He found that the=1 eigenmode is

more difficult to stabilize by finitg3 than thel=0 mode in || INTEGRAL EIGENMODE EQUATIONS
the long poloidal wavelengtfiow k) regime and thus the . o _ .
| =1 mode persists after tHe=0 mode is completely stabi- Consider a sheared magnetic field with a magnetic

lized. In both of these studies, however, only the perturbagradientB=Bo[2(1+x/Lg)+J(x/Ls)], wherelLs andLlg
tions of the electrostatic potentiah, and the parallel vector '€ the scale lengths of the magnetic shear and the magnetic

potential, A, were considered, while the perturbation of thegradle_nt, _respectlvely. The magnetic gra_dlent IS mcl_uded
to maintain the pressure equilibrium for highplasmas in

perpendicula_r vector potentiah, , was neglected. Thisis a 5 gjap, soLg is not independent of the pressure profiles,
good approximation only for loy8 plasmas. Moreover, the Lo/Lg=3 i (Bi/2)(1+ 7). Here, Lgl: —(1n;)dn;/
dx, »j=dInT;/dInn;, and Bj=877anj/BZ. The equilib-
dElectronic mail: gaozhe97@mails.tsinghua.edu.cn rium distributions for ions and electrons ard,
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=[N(Xg)/(7*2 ) lexp(v?/vg), wherevy=2T;(Xg;)/m;,
Xgj=X—vy/Q;, andQ;=—q;B/m;c.

We introduce three fluctuating scalar fields; A,(=A
-b), andA,(=(Ax@&,)-b), where all perturbed quantities
have the form P(r,t)=p(x)expiky—iot), p(x)
=1/\27 [ p(k)exp(kx)dk, & =k, /k, |, k, =k,§+kX, and
b=B/|B|. For the fluctuations withw<|Q;| andk, Ng<1,
we have derivet the linear eigenmode equations as follows:
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=(XILky, K=Ki+k? k[’=KZ+k'?, ¢=¢, A,
=ivAs/C, AH= —viA/C, andZ(€) is the plasma disper-
sion function.
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This model is valid for plasmas of ang value, so we
call it the full 3 model®® Omitting the coupling to the com-
pressional Alfve waves(CAWSs) and the magnetic gradient

effects, that isA,=0 andLg—, gives the lows model,
which is valid for low 8 plasmas.

Equationg1)—(3) are the basic equations that govern the
behavior of the modes, not only the lowest order mode but
also the high order mode. As we know, the eigenfunctions
from the differential approach are Hermite functions. The
radial eigenmode ordet, is just the order of the Hermite
function. In the integral approach, however, the numbdr of
cannot be obtained directly from the equations, while differ-
ent order modes exist in the different frequency regime, re-
spectively. That is, different initial values induce the results
of different orders.

. NUMERICAL RESULTS

The integral equations, Egd)—(3), are solved using the
Raleigh—Ritz technique. The detailed procedure is well
documented in previous work&?! and will not be repeated
here.

The typical paramete?s’'°chosen here arep.=2, 7;
=2,T./T;=1, m;/m,=1836, and_,,/L;=0.025 unless oth-
erwise stated. Fg8=0 andk,= 1, the eigenfrequency of the
=0 mode is (0.40+0.38)w, . while that of thel=1
modes is 0.9 0.59)w, .. For convenience, all the
lengths have been normalized {p;| in the following. In
addition, all the results without otherwise statement are ob-
tained from the full3 model.

The definition and normalization in this work are the
same as in Dongt all’ although are somewnhat different
from those in ReynderS. First, Reynders defined thag
=4mNTe/B?, S0 (B) reynders (Bel2)nere- S€CON, the param-
eter kyps in Sec. V of Ref. 19 was supposed to k§p?;
although Reynders did not clearly clarify this point, or else
the results of Reynders for the=0 mode would be not
consistent with those of Dorgf al. Moreover, the definitions
of thermal velocity in Ref. 19 and this work are different by
a factor ofv2, so the relation exists in @,/T;=1 plasma,
(kyps) Reynders~ (k)zl/z)hBTE'

Figure 1 shows the real frequencies and growth rates for
thel=0 andl=1 mode as functions g8 with k,=1, i.e.,
(Kyps)reynders= 0.5 in Ref. 19. The results from the low
model are consistent with Reynders’ restftsThe 1=1
mode demonstrates a large growth rate at pvalues and is
stabilized before thé=0 mode is whens increases. This
conclusion is still valid in the full3 model. The full 8 ef-
fects, including the magnetic gradient drift effects and the
coupling toA,, strengthen the stabilization effect of finjge
on thel =1 mode but reduce it on tHe=0 mode. The results
also verify the stabilizing mechanism discussed in Ref. 20.
An increasinggB reduces the frequency and then the growth
rate through reducing the inverse Landau damping. Fhis
effect, however, is weakened at the low frequency regime.
Thel=0 mode cannot be stabilized, since the frequency de-
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FIG. 1. Mode growth raté¢a) and frequenciegb) of both thel=0 and| FIG. 2. The same as Fig. 1 except #g=0.35.
=1 modes as a function g8, for 7= 7,=2.0, m;/m,=1836, B.= i,
L,/Ls=0.025, ank,= 1. The solid and dashed lines denote the results from
the full 8 model and the low3 model, respectively. The lines with squares
denote thd =1 mode and the lines without symbols denotelth® mode.
creases to a very low level soon and flattens wiem- . . :
creases in the fulB model. However, thé=1 mode has so oosk (@) =0 |
high a frequency thaB stabilizes the mode before reducing ﬁ__ gfgg;
the frequency to a low level. For tHe=1 mode, therefore, | 7 O ____ ;3;0.03
the inclusion of the fullg effects strengthens the finit@ o 004}
stabilization effect. g_ """"""""""""""""""""""""""
With k,=0.35, the real frequencies and growth rates for | e .
. : 0.00 e
thel=0 andl=1 modes are shown as functions 8f in 7 |- — T i
Fig. 2. In the lowB model, thel=1 mode not only grows \\ E
faster than thé=0 mode does but also is stabilized after the 0.04 55 1"-2 o "
| =0 mode is. It is noted that the mode wkh=0.35 here is ' Tk ’
identical with that with kyps)geyngers=0.06125 in Ref. 19. Y
Compared to the results shown in Fig. 4 of Ref. 19, the low
B results here are consistent with Reynolds’ restiltor
example, atk,=0.35 and B8,=0.01, i.e., Kyps)reynders T : T
:_0.061 25 and £) reyngers= 0.005, both calculations give an 0.04
eigenfrequency of about—0.034+ 0.018)w*e. However,
using the full 8 model, we can see that tHe=1 mode is s«“’
stabilized at a lows value while thel =0 mode still cannot 3 008

be stabilized. The mechanism is the same as that kjth
=1 described in the above paragraph.

Figure 3 depicts the growth rates and frequencies of the
=1 mode as functions d{, for different values of3. The
=1 modes, with the typical parameter, are completely sta-
bilized with a 8 above about 3%. The same plot for the
=0 mode is shown in Ref. 20. It is recalled that the0

-0.12

FIG. 3. Mode growth ratéa) and frequenciesb) of the =1 mode as a
function ofk, for =0, 0.01, 0.02, and 0.03, respectively. The other param-
eters are the same as for Fig. 1.

mode remains unstable unjfi>10% although the growth
rate is very low.
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FIG. 4. Mode growth ratéa) and frequenciegb) of both thel =0 and|

=1 modes withy,=0.4 as a function o3, for k,=1 and 0.35, respec- FIG. 6. Mode growth ratéa) and frequenciegb) of both thel=0 andl
tively. All the results are from the fulB model. The solid and dashed lines =1 modes as a function df, /L for k,=1, =0 and 0.01, respectively.
denote the results fdg,= 1 and 0.35, respectively. The other parameters andThe solid and dashed lines denote the resultsger0 and 0.01, respec-

denotations are the same as for Fig. 1. tively. The other parameters and denotations are the same as for Fig. 1.
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FIG. 5. Mode growth ratéa) and frequencietb) of thel =0 andl =1 mode Ln/Ls
as a function ok, for §=0.03 and 0.04, respectively. The other parameters
are the same as for Fig. 1 except fgr=0.4. FIG. 7. The same as Fig. 6 except tgr=0.35.
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o2} | (a)

() | sl i (d) ] FIG. 8. Structure of thd=1 eigen-
foon mode:(a) ¢(k) vsk; (b) ¢(x) vsx; (c)
Ay(k) vsk; (d) Ax(x) vsx; (e) A(k)
vs k; (f) Ay(x) vs x for 3=0.01 and
ky=0.35. The solid and dashed lines
denote the real and imaginary parts.
The other parameters are the same as
in Fig. 1.

-10 0 10

With the above typical parameters, in fact, the0  rates for thd =0 andl=1 mode as functions df,,/L¢ with
mode is still unstable even whereaches a very high value. k,=1.0 and 0.35, respectively. The=1 mode is easier to be
However, we had showfithat thel =0 mode could be sta- stabilized by magnetic shear than the0 mode for both
bilized by finite 8 when 7, is less than 1.0 and other param- k,=1.0 and 0.35 though a lowds, mode needs a stronger
eters are unaltered. With,=0.4, the real frequencies and shear. Then, the=1 mode exists and dominates in the low
growth rates fof =0 andl =1 modes are shown in Fig. 4 as magnetic shear and loy@ regime. For tokamak plasmas, the
functions of 8 with k,=1 and 0.35, respectively. Here, all 1oy shear regime usually exist in the interior, at the same
the results are from the fulB model. The 7. affects the time, the interior is the highg regime. So thd =0 eigen-

stable property of thé¢=0 mode while hardly change the .o i< the dominant ITG mode in the higrtokamak-type
property of thel=1 mode with a high frequency. Witk, plasmas

=1, thel=0 mode is stabilized even before the 1 mode The =1 eigenmode structures fég,—0.35 are shown

is; while, with k,=0.35, thel=0 mode is stabilized still . _. o . .
after thel=1 méde is. It is known that the mode with a " Fig. 8. Thel =1 mode exhibits a tearing mode parit);

lower k, has a much lower frequency. So, even though theandAz have odd parity, whiléy, has even parity. The struc-

|=0 mode with a lowk, can be stabilized by finitgs, the tu.res of (x) and Ay (x) from the full 8 model are similar
stabilization will be difficult. Figure 5 shows tHe, spectra  With the structures shown by ReyndefsThe perturbations
of =0 andl =1 modes withp,=0.4. Wheng reaches 3%, N k space, especially(k), extend to th&k=1 regime. It is
thel =1 mode is completely stabilized while the 0 mode the cause of the fine-scale structure near the rational surface
is still unstable in the lowk, regime. The complete stabili- in X space mentioned by ReyndéfsThis fine structure
zation of thel =0 mode needs a highgt. could not be seen in the differential approach.

Besides thes, the magnetic shear is knotitaes another Thel=2 mode(the second order mode with drift mode
stabilizing factor for the ITG mode even in the highre- parity) and|l =3 mode(the second order mode with tearing
gime. Figures 6 and 7 show the real frequency and growtlmode parity are also investigated using the fi8l model.
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