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A method is developed for determining directly from experimental data the classical tearing mode
stability parameteA’. Specifically, an analytical fit function is derived for the electron temperature

fluctuations (T'e) in the vicinity of a magnetic island. Values &f determined from the fit function
parameters fom/n=2/1, 3/2 and 4/3 modeg$n andn are poloidal and toroidal mode numbkeese
obtained using the high resolutidn, profile data from major radius shiftjog” ) experiments on
the Tokamak Fusion Test React¢fFTR) [D. Meadeet al, Proceedings of the International
Conference on Plasma Physics and Controlled Nuclear Fusiashington, District of Columbia,
1990 (International Atomic Energy Agency, Vienna, 199YVol. I, pp. 9-24. It is found that the
n=2 modes havA’'<0. © 1998 American Institute of Physids$$1070-664X98)00602-§

I. INTRODUCTION using the electron temperature fluctuation profile in the vi-
cinity of a magnetic island obtained from an electron cyclo-
In orde_r to _fir_1d a su_ccessful magnetic_confinenj_en_t SYStron emission(ECE) diagnostic. By definitiort, A’ is the
tem for fusion, it is very important to know if an equilibrium gitfarence between the slope of the perturbed radial magnetic
configuration is stable. There are two kinds of magnetohysje|q on the two sides of the resonant rational surface and is
drodynamic(MHD) instabilities: Ideal modes and resistive rg|ated to the shape of the magnetic surfaces on the two sides
rr.10<'jes.' The t'garmg motiés the fundamenta! paradigm re- ot the magnetic island. Since in a high temperature plasma
sistive instability driven by the current gradient that cause§ne heat conductivity along a magnetic field line is extremely
resistive magrjetic reconnection. .It can changg Fhe topologMigh, the electron temperatuf is well approximated by a
of the magnetic surfaces by forming a magnetic island aboyt,ejica) magnetic flux surface function. Therefore, a detailed
the rational surface, and thereby degrade plasmg nofile in the vicinity of a magnetic island should provide
confinement. In the clas§|c paper by Furth, Killeen and jnomation about the shape of magnetic surfaces. In the ex-
Rosenbluti,a parameted, which can be determined from periment, a stationary ECE diagnostic samples a fluctuating

the ?9“"'9““’.“ current profile, W',”‘S shown to represent th‘:‘iocal T, from different magnetic flux surfaces as a magnetic
stability criterion. The parametex’ represents the free en- island that is frozen into the plasma rotates past it. Th@
ergy available to the mode from the current gradient; a posi- P P - The)

tive A’ implies tearing instability. To date no satisfactory profile can then be used to calculate.

. ) )
method exists for determining this fundamental tearing mode I? ordetrhto obt::_n han a:?c:JratAI, tf[he ECE mea;lljret .
stability parameter directly from experimental data. ments must have a high spatial resolution. However, the typi-

Recently, it has been estimafethat for them/n=3/2 cal distance between two ECE channels in TFTR is about 5

and 4/3 tearing modes on the Tokamak Fusion Test Reactél?hG cm, Wg'f(;h i‘? often the ds_,ame Ic_:)rcc:iér das the fi;lgmdowidth.
(TFTR),* A’ is negative and the mode is instead driven by us, it is difficult to use ordinary ata to fidd. On

the pressure gradient according to the neoclassical teariny:TR’ a spec!al experiment called alog expe_rlrﬁemt:on-
mode theory’. In these calculations of’, the radial deriva- ucted to achieve the necessary high resolution for the ECE

tive of the current profiledJ/dr, is required. Usually, the Measurement. In the jog experiment the plasma is radially
current profile is obtained from the derivative of the experi-cOmpressed or expanded rapidiAx/At=30 cm/60 ms)
mentalg-profile, either from a direct measurement via a mo_durmg an otherwise stead):state operation phase. Since the
tional Stark effec{MSE) diagnostic or from an interpretive 09 is nearly adiabatic, thd(t) data from each channel
code(like TRANSP or SNAR.® Such methods have practical obtained during the jog can be mapped ifitgr) before the
difficulties since eventually the second derivative of the exjog. With the jog and a high data collection rag&00 kH2,
perimentally measured, profile is required. Therefore, a the obtainedT, profile can have a much higher spatial reso-
more direct, reliable and independent method for measurinfition. We assume that the plasma properties remain un-
A’ is needed. changed during the jog since the plasma as a whole is moved
In this paper, a method is proposed for measudig  rapidly.
In the rest of the paper, an analytical fit function is de-

dElectronic mail: ren@cptc.wisc.edu rived which relates thig, profile toA’ in Sec. II. In Sec. IlI
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this formula will then be applied to the ECE data from the
jog experiment on TFTR to determing’ for the tearing
modes observed there. A short discussion is given in Sec. IV.

Il. FIT FUNCTION Sepgratrix
We use cylindrical coordinates ,(¢,z) and only con-
sider a single mode. The coupling between different poloidal
modes due to the toroidal geometry is neglected here since it _
is small(on the order of inverse aspect ratand is usually d(xq) x1 X. 0 x X4dl) X
suppressed by the differential rotation at the different ratio-
nal surfaces. The equilibrium magnetic field can be written ®) \ 4 Te

l

as:
B=B,z+B,(r)6. 1)

For a thin magnetic island, i.ew/r <1, wherew is the I ) I
island width andrg the radius of the rational surface, the 1 | | l
1
I

equilibrium field near the rational surface can be expanded [l
as:
||

B=B,z+B(rs) 8+ VX Z, EAETES e ey %

Yo=—[3By (rdx*+ 5By (r9x°], 2
FIG. 1. (a) Contour plot of lines of constant (constanty) for Eq. (5) in
X=r—rg. x, 9 plane. Dashed lines represent trajectories scanned by two ECE channels
. . . . located atx; andx,. The amplitude of the electron temperature fluctuations

Itis necessary to retain the term in Yo because, as we will recorded by the channel &f is proportional to the difference df, between
show later, it is of the same order as thé effect. A and B. SinceT, is constant along the contour, it is also equal to the

The island can be modeled by superimposing a perturbedifference ofT, betweerd(x,) andx; . (b) The electron temperature profile
- 5 e - 1. across the islan@®-point (9= ). The T, is assumed to be flat within the
field B on the equilibrium field: separatrixifrom x.. 0 X.)

§:V¢1X2,
r X ) , ! .
1=- aBr 1+ —|cosd, (3) terms. Therefore, what definés’ is the fine details of the
A island shape—the small difference between the two sides of
Jd=mo—nZ/R,. the magnetic island.
Here, the subscripts +” and “ —” are for x>0 andx<O0, Considering the large parallel electron heat conductivity,

we assume thal, is a magnetic flux function outside the
island and constant inside the island as shown in Fig. 1b. The
equilibrium temperature gradient on the two sides of the is-
A'=[(d¢ /dr) = (dyy/dr)_1/1(0)=La, —La_. land is denoted bydT/dx). . From Fig. 1la it can be seen
(4 that the amplitude of the temperature fluctuatidg(x,), as
In principle, there is another term, proportionalxdn x, in ~ seen by an ECE channel located at a radial positipout-
the expression ofs; .8 However, this term will not contribute  Side the separatrix, is proportional to the temperature differ-
to A’ and is also not found to be significant in fitting the ence between points A and B, which can be written as
experimental data. Therefore, we neglect this term. (dT/dx) -[d(x1) —X1]. For a pointx, inside the separatrix,
The equation for a given magnetic field line, as illus-we haveT ¢(x,)=(dT/dx).[d(x,) —x.]. Hered(x) is the
trated in Fig. 1la in thx— 3 plane, isyy+ ¢py=const, and radial coordinate at th®-point (where 9= — ) of a field

respectively. Therefored’ can be parameterized by the dif-
ference between the reciprocals@f anda_ :

becomes line whose radial coordinate at tixepoint (whered=0) is
1 w2 X. In general, we have
32 = _
2% (1+e)+ 4) (1+ex)cos 9=y, ®) T )= [dT/dx|+|d(x)—x+| for |x|<|x], .
) =1 |dT/dX L [d) =X for |x|>|x<]. ©)

where €,=B,"(r)/3B, (ry), e=(1lla.+1ly), (w/4)?
=r,B,/mB,’. Here,y is a constant which labels different Here,x. are the radial coordinates of the separatrix at the
magnetic field lines. The value of on the separatrix iy  O-point, i.e., they are the half widths of the island on the two
=(w/4)?. Compared to the conventional magnetic islandsides of the rational surface.

equation, the new terms x ande,x describe both the effect Both x.. andd(x) can be calculated from E¢p). To the

of the cylindrical geometry and’. This equation illustrates lowest order inw/r s where theA’ effect can be considered,
that these effects are of higher ordervitir s than the other the results are
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—"‘W W22 7 a7 f Vy|dl= 11
Xe=Eo—| 7 (2€1—€7), (7 ay’ |Vy|dl=const. (12)
d(x) =+ \(W/2)?+ x? Both |[Vy| anddlI (the differential line length along a field

line) can be found from Eq5):
+[ X312+ (W14)? e,x] 1\ (Wi2) %+ X2 ) qi )
3 w
— €[ (X?12)%+ 2(W/4)?]+ e5(Wib)2. (8) |Vy|=|x+ Eelx2+ 7] e Cosﬁ‘, (12
Now, to determine T/dx) .. we first write
dl=(rg+x)dd. (13

(dT/dX)t:(dT/dy)|y:(W/4)2><(ay/ax)|ﬂ:—w,x:xt- )
Substituting Egs(12) and (13) into Eqg.(11) and expressing
X in terms of ,9) from Eq.(5), the integral in Eq(11) can
(Y1 IX)| 9= - 7 x=x. = EWI2+ €1(W/2)2. (100 be performed overd (from —= to w). Then, settingy

. _ = (w/4)? and using Eqs(9) and(10), (dT/dx). can be de-
To find dT/dy, we assume that no sources or sinks of heatermined to within a constant:

exist within the narrow region near the rational surface and

From Eq.(5), we obtain

that the heat flux across the field line is continudThere- dT w ™ ™
, —| =Ajlx=||1-—|e— —|;. (14)
fore, we obtain dx/ . 2 4 Arg
f VT.dS=const Finally, an analytical formula for the electron tempera-
ture fluctuation profileT,, is obtained from Eqs(6—8 and

or (14):

ool ™ e T (W) e W, e WihPex X g
e(X)= -2 )97 ar, > > W2P X e, (15)
when|x|<|x.|, and
Too=|al1e 0| [1- 7 ™ 1|« /(W 2+ 5 W+61X3/2+(W/4)2€2X_ x2+2 w2 o (w 2
R U 2) 772 wie 2 A\a) Tl )
(16)

when |x|>|x.|. The five parametersA,w,e;,1/a_ and in which three ECE channel€h. 12—14 have scanned one
1l/a, (in €,), are to be found by fitting the formula to the entire island. The fluctuations at a certain radial position are
experimental data. The value Af is then given by Eq(4).  calculated from the raw data for two different durations—
every 240 point40.48 m3 or every 360 point€0.72 ms.
(The results in Table | were obtained using the 240 point
lll. A’ FROM ECE DATA duration. With the data collection rate of 500 kHz and the
. = i ] mode rotation frequency on the order of 10 kHz, the 360
Figure 2 shoyvs a plot of a typicdl, profile from the 109 point duration corresponds to surveying the island about 7
experiment and its fitting by Eq¢15) and(16). The experi-  times during the calculation of the fluctuations. The plasma
mental profile is taken from one ECE channel which sweptyoyes radially in this duration only about 0.3 cm due to the
the island during the jog. The typical average relative errolqg: thys the radial resolution is not compromised. Six pos-
of the fitting (defined as the ratio of average deviation togjp|e rA’s for the same mode are listed in Table Il. The
maximum amplitudeis about 10%. systematic uncertainty of the fitting results is about 25%. For
~ Table I shows a comparison between the results from thene A s from the usual calculations usiagprofile, it is well
jog ECE data and tha's calculated from the-profile ob-  known that the results are very sensitive to the first and sec-
tained from the interpretive codes. The two schemes baspng derivatives of the|(r) near the rational surface. To ob-
cally agree with each other. This result also supports the idegjn, the interpretive code-profile results in Table | we have
that the 3/2 and 4/3 modes on TFTR are not the classicglseq a standard spline interpolation scheme to increase the
current-driven tearing modes sine <0 for both modes.  gpatial resolution. Therefore, we effectively assumed a
An estimate of the appropriate error bars for these resultgy,goth q profile. The fact that they-profile results are in

is difficult. However, to illustrate the degree of reliability of good agreement with the results from ECE data justifies the
the fitting results in Table I, an example is given in Table Il yse of the smoothed profile.
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TABLE II. Values of rsA’ for one island from 3 different ECE channels
T T T T (Ch. 12—-14. Here, “240" and “360" denote the number of points used in

e experimental data local fluctuation calculation from the raw data. The average is —3.9.
o fitted data . ]

S
o

(]
(8]

Ch.12 Ch.13 Ch.14

[
o

No. of points 240 360 240 360 240 360
rsA’ —-3.7 —42 —-4.1 -49 -—-35 -31

N
[4;]

-
[= )]

As the parallel heat conductivity becomes higher and the
pressure becomes more of a surface quantity, the method
developed here can obtain ever more accurate measurements
Radial Position (cm) of A,
Egs.(15) and(16) are derived under the assumption of a

FIG. 2. Comparison of experimental data and fitted daing Eqs.(15) flat temperature profile inside the islafiig. 1b. This as-
and (16)] for the electron temperature ﬂuct_uation_p_rofile for a 3/2 mode sumption is based on the theoretical consideré’tiand has
5_\520;75_3;4&3; f 2%'?”11?:’ f‘é%?g';t izq_oitgﬁgf:ltt:'ngz%eg_a?ﬁ;erffo"’::' experimenta_l suppo?tHowgver, a _similar fit function for a
rA’=—37. non-flat profile can be easily obtained using the method de-

veloped here, requiring only a modification of thé<|x..|

part in Eq.(6) (and Eq.(15) correspondingly.
IV. DISCUSSION The intrinsic band-width of a single ECE channel limits
E%ts radial resolution to about 2 c(full width). However, the
: 4 og technique and the assumed linear radial temperature pro-
analytical expression Eqel5) and(16) are: ] the electron file near the rational surfacé-ig. 1b allow the fluctuation

temperature Is constant on a me_lgne_tlc f_|e|d line o flux Surbrofile to be measured with a radial resolution less than 2 cm
face; and 2 the heat flux from diffusion is constant across the data in Fig.)2
the flux surface. Thus, this method can be applied to amgsee ;e data in 9. :

' ' Finally, we should point out that the ECE data used here

qil:anurty :hat Srat'?‘lﬁef trl;asne tv'\g\o as?/urrr;fri)tlclri]srrsfu;? as degfe usually taken when the magnetic island width is greater
sity or pressure fluctuations. As a ventication ol these aSy,,, he resistive layer width—the so-called Rutherford

fur?ptmr(;s,twe applytEgé:éS) an? (Hlfi)hto th;. pressure Iﬂl.JC.:[. Iregime.12 We implicitly assume that for a classically stable
uation data generated by a 1u ree-dimensiona: initial, neoclassically unstable modg; in the presence of an

\rliiléeisressé?“:e/?oe(k)J(;IacSIZI;;::ZIlIHZt;(&%;r?er 'R'E'fl_ezux'; island with finite width remains about the same as its value
P y sa = % when no island is presef?f.

the g=2/1 surfacg but neoclassically unstable for the 2/1 To summarize, we have presented a new, direct method

mode. Then, the pressure is allowed to equilibrate on th%f measuringd’, the fundamental tearing mode stability pa-

perturbed magnetic flux surfaces. The final pressure ﬂucmar'ameter from electron temperature fluctuation data. Unlike

tions at a certain minor radius are analyzed in a similar WalyErevious methods, the technique does not suffer from the

as the ECE electron temperature fluctuations. Shown i ifficulty of relying on the derivatives of thg-profile. This
method gives values oA’ for the 2/1, 3/2, 4/3 modes in

Table Ill are the values of A’ obtained by applying Egs.

glf?) an? (l?) to ;Ehe S'Irrlljlfted presds'urel fluhctu?tlon ddai"?‘ .ftorTFTR that agree with those obtained by the previous

erent ratios of parallel to perpendicuiar heat ConauUCtivIty. e thoq. Furthermore, it provides an important independent
measurement of the previous inference that 3/2 and 4/3

TABLE |. Values ofrsA’ obtained from two different methods. The “fit- modes on TFTR h,ave neg'atl\te’ values and therefore are
ting” values are obtained using the formulas developed in this paper. Thétable to the C|355_|Ca| tea_“ng mode. Thus, the Ob_serVEd 3/2
last column lists theA’s calculated from theg-profile. Except for shot and 4/3 magnetic islands in TFTRust have been induced

86138, the data are from a single ECE channel. The data for shot 86138 afsy unstable neoclassical tearing moaem deduced in Ref.
from two adjacent channels. “SN” means using theprofile from the

SNAP code, while “TR” means from TRANSP. Usually the ones using the

TRANSP g-profiles are more reliable.

)]

Electron Temperatufe Fluctuation (ev)
n
o

The underlying assumptions used in the derivation of th

Shot Mode rsA’ (fitting) rsA’ (g-profile)

73413 2/1 -1.3 —2.3 (SN) TABLE lll. Values of rsA’ obtained by applying Eq¢15) and(16) to the
82443 3/2 —-3.7 —-2.7(TR) computer-simulation-generated pressure fluctuation data for different
82444 4/3 -5.9 -5.8 (TR xi/x. , the ratio of parallel to perpendicular heat conductivity. On TFTR,
82445 3/2 -4.3 —4.0 (TR) xi1/x.~10. The theoretical input value ofA’ is —4.4.

84665 2/1 0.52 14TR)

86138 2/1 4.2 10.2SN) xilx. 10° 10° 10 10°

91621 3/2 -7.0 —5.2 (SN) reA’ —-1.87 —2.37 —2.79 —3.04
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