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Magnetic structure of a divertor configuration in JT-60 is
numerically investigated under the inflﬁence of non-axisymmetric
magnetic perturbations: toroidal ripple field and error field
due to mechanical tolerance of poloidal field coils. The pos-
sibilities are presented that ergodic layer formed near a sepa-
ratrix, due to the magnetic perturbations, enhances a spread of
a scrape-off layer and that it allows particles to escape from a

boundary plasma along field lines of force.
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1. Intreoduction

A poloidal magnetic divertor has been noted as an attractive
method for impurity control in a tokamak.!! The magnetic struc-
ture near a separatrix magnetic surface is important to under-
stand the property of a poloidal divertor. In an axisymmetric
divertor, the separatrix surface is the boundary between a
confined region and a scrape-off layer {(a divertor region).

There exists, however, the non-axisymmetric magnetic field in an
actual tokamak which influences the ideal divertor configuration,
especially near the separatrix magnetic surface.

A magnetic perturbation with angular dependence of
expli(m8-n¢)] produces a chain of magnetic islands on the ration-
al surface with the tokamak safety factor g = m/n. The magnetic
perturbations in an actual tokamak have many harmonics, and many
rational surfaces are closely distributed near the separatrix.
Thus the adjacent island chains will easily overlap with each
other near the separatrix. Such an overlapping results in the
destruction of the magnetic surfaces and the formation of
"ergodic layer" where the field lines behave irregularly.z—")

For the divertor to operate effectively, it must be avoided
that the field lines in the scrape-off layer strike the first
wall before their reaching the neutralizer plate. This problem
occurs particularly when the clearance between the separatrix
and the first wall is as narrow as the scrape-off layer width.
Even in the case with a relatively wide clearance, the ergodic
layer produced near the separatrix can broaden the scrape-off
layer and may deteriorate the divertor function of impurity

exhaust.
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The ergodic layer also affects plasma transport in the
gscrape-off layer.s) In DIVA experiment, particle loss mechanism
was accounted for the existence of the ergodic layer.®) From
these points of view, several works have been done theoretical-
1y7+%) and numerically.®r®s'?) Especially in a large divertor
tokamak with a long pulse, e.g. Jr-60'1), it is very important
to understand the actual magnetic structure near the separatrix.

In this paper, the magnetic structure near the separatrix
in JT-60 is investigated with presumed perturbed fields: the
toroidal ripple field with a high toroidal mode number and the
error field due to the mechanical tolerance of the poloidal field
coils with a low one.

Section 2 presents the unperturbed magnetic structure of
the divertor configuration. The destruction of magnetic surfaces
caused by the toroidal ripple field is examined in §3. The
perturbed magnetic structure produced by the error field due to
the misalignment of the poloidal field coils is investigated in
§4. The results obtained in the present calculations are dis-

cussed in the final section.
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2. Divertor Configuration

Equations of the magnetic field lines of force are given by

dr _ Rd¢ _ dz

BR By By,

Here, R, ¢ and z are cylindrical coordinates, B¢ the torocidal
magnetic field, and Bp and B, the poloidal ones, respectively.
The poloidal field in a Tokamak is produced by the plasma current
as well as by the external coil currents for the plasma equili-

brium and shaping.

The flux function at an observing point (R, z) produced by

a unit ring current centered at z = ¢ with a ring radius p is
given by
Mo k2
¥(R,z;p,0) = — VRp {(1 - ) Klk) - E(x)}

where k2 = 4Rp/{ (R+p)? + (z-7)?} is the argument 0of the complete
elliptic integrals of the first kind K and the second kind E.

For many coaxial current rings the flux function is given by

linear superposition as Y(R,2) = L ¥(R,z;pjs,043). Hence the

i
axisymmetric poloidal field is described as B = -(1/R)3Yy/3z and
B, = (1/R)3y/dR. In the meanwhile the toroidal field is given

by B¢ = B¢ORP/R, where B¢Ois the toroidal magnetic field at the
major radius of the geometrical plasma center Rp.

Figure 1 shows the cross-sectional view of JT-60 with the
coil arrangement. The plasma is assumed to be a filamentary ring
located at the magnetic axis Ry. Therefore the magnetic surfaces
are given correctly not far from the separatrix. The divertor
configuration is generated mainly by the magnetic limiter coil

("ML-P" and "ML-S8" in Fig. 1) current and the plasma current.
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Typical parameters used in this paper is summarized in Table I.
The equilibrium magnetic surfaces are illustrated in Fig. 2.
Here the X point is located at R = 4.14 m on the equatorial
plane, and g > 3 surfaces exist guite near the separatrix. The
distance between g = 4 surface and the separatrix, for example,

is about 10™% m.
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3. Effect of Toroidal Ripple Field
The toroidal ripple is generated due to the discrete nature
of a toroidal coil system. Providing that the ripple field is

dependent only on R and ¢, the toroidal field is described by

By = ByORp/R + By, (R,9)

B¢O{l + §{R)sin N¢} ,

where § is the ripple amplitude and N is the toroidal coil number.
This assumption corresponds to the situation that the ripple

field is produced by the straight and infinite N wires pericdical-
ly located in z direction around the torus. With the aid of
Maxwell's equations, we obtain ¢ = SO(R/RP)N. Then the radial
component of the ripple field is given by

_ cos No ds
BR = "Bgy TN d(R/Rp) °

In JT-60 with N = 18 and Rp = 3 m, we have § = 0.0l near the X
point, corresponding to Sp = 3x10” 5., The distribution and the
amplitude of the ripple field approximated in such a way agree
well with the actual ones near the X point.lZ)

Concerning the magnetic perturbations, of essential impor-
tance is the mode strength of the perturbation field perpendicular
to a magnetic surface. Hence it is useful to expand the per-

pendicular perturbation in a Fourier series on the unperturbed

flux surface ¢ as following:

B, (¢,9,9) = I by, () exp{i(me-ne) i,
m,n

where by, is the Fourier coefficient, m the poloidal mode number
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and n the toroidal one, respectively. Figure 3 shows the mede
strength by, of the toroidal ripple field acting on g = 4 sur-
face. Since n = N = 18 in JT-60, the resonant mode strength on
g = 4 surface is b72'13(¢q=4) = 6x10”5 T. It is noted from
Fig. 3 that the ripple field has the feature like a white noise
with a small amplitude.

The field line equations including the toroidal ripple
field are numerically integrated. The destruction of magnetic
surfaces is examined by mapping the intersection points of a
field line on a cross-sectional surface, and also by calculating
the entropylike guantity of a field line.'®) The ergodic layer
produced near the X point 1is illustrated in Fig. 4, which is
attributed by the destruction of g 2 4 surfaces due to the
overlapping of the island chains, Because the mode strength of
the torcidal ripple field is small in JT—60,.the ergodic layer
is restricted within a narrow region with the width of about 5
mm, and bounds irregularly on the confined region. The strong
shear effect prevents the ergodic layer from.spreading in the

divertor region.
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‘4. Effect of Error Field due to Misalignment of Poloidal Coils
In any actual device there exists some displacement of coils
from the ideal position, causing generation of non-axisymmetric
field perturbations. Here we will consider the tolerances of a
poloidal coil with the tilted and shifted position as shown in
Fig. 5. If we employ local coordinates (R', ¢', z') which are

refered to the displaced coil, they are represented by the

original coordinates as followings:

[chosz¢+{(Rsin¢—n)cosu+zsina}2]1/2

R' =
¢' = tan~!'[{(Rsin¢-n)cosat+zsinal/Rcoss]
z' = —-{Rsin¢-n)sina+zcosc

where ¢ is the tilted angle and n is the shifted length. The
field perturbation B, (Bris By B,,) induced by the coil dis-

placement is given by
B1 = 8B¢' - By.

Here By is the magnetic field without coil displacement, Bo' the
magnetic field observed in the (R', ¢', 2') coordinates,rand )

the matrix associated with the coordinate transform:

/!cos¢ sing 0 1 0 0 cos¢' —sind'’ 0
§ = [—sin¢ cosd 0 { 0 cose sino siné' coso’ 0
\\ 0 0 1 0 -sino cosa \\O 0 1 .

In JT-60, the misalignment of the magnetic limiter coils
(ML-P and ML-S in Fig. 1) produces a large amount of the non-
axisymmetric error field. The expected mechanical tolerance of

this perturbation is summarized in Table II. Concerning the
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toroidal mode number of the tilt perturbation or the shift one,
the assumption of n = 1 is made for the present investigation.
Figure 6 shows the mode strength on g = 4 surface: (a)
for the tilt perturbation of o = 3.5 mrad, and (b) for the shift
perturbation of n = 8 mm. Here the resonant mode strength on
g = 4 surface bql(wq:q) is indicated by the dark point for the
respective cases. Since ML-S coil is located nearest to the
separatrix in the plasma side, it produces a larger amount of the
perturbed field than ML-P coil for both perturbations.
To understand the perturbed magnetic structure affected by
the above perturbation with a low toroidal mode number (n=1),
the following coil displacement is taken: (i) the tilt perturba-
tion of ML-P coil, and (ii) perturbation composed of the tilt
and shift perturbation of ML-P coil and ML-S coil. The essential
feature of the perturbation is not changed in both cases, except
the dependence of the mode strength by, on the poloidal mode

number.

We will start with the investigation on the behavio; of the
field lines affected by the error field due to the tilt perturba-
tion of ML-P coil with o = 3.5 mrad. The resonant mode strength
on g = 3 surface and g = 4 surface is by, (Vg=,) = 4x10™% T and
by, (Pg=4) = SXl0_5_T, respectively.

For this case q = 3 magnetic islands are produced as plotted
in Fig. 7. The width of the islands located far from the X
point is 4.5 cm,.which is almost consitent with the theoretical

prediction:lq)
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R, b
SRR

The irregular behavior of the field lines is not clearly observed
around the g = 3 island chain in this case.

On the other hand, g > 4 surfaces are fully destroyed
through the islands overlapping. The ergodic layer spreading
near the X point is illustrated in Fig. 8 on the equatorial plane.
The maximum width of the ergodic layer is about 3 cm. The outer-
most contour of g = 3 islands is located in the region of
R < 4.11 m. As seen in Fig. 4 of the perturbed magnetic struc-
ture due to the toroidal ripple field, the ergodic layer near the
X point penetrates the plasma side rather than the divertor side.
The boundaries both between the ergodic layer and the confined
region and between the ergodic layer and the divertor region
fluctuate with n = 1 mode.

It is noted that the ergodic layer is composed of two kinds
of region. The first kind of region is marked by a hatched area
in Fig. 8 and is characterized by having a common torcidal cir-
culation number No of the field lines until their flowing into
the neutralizer plate. This circulation number is indicated in
the respective hatched areas. It is noteworthy from Fig. 8
that most part of the ergodic layer is occupied by the region of
the first kind with Ne of 11 or less. The second kind of region
is represented by the narrow dotted area where various values of
Ne lie scattered over a wide range of 4 to 100 or more. The
similar property as the second kind of region appears dominantly
in the ergodic layer produced by the toroidal ripple field.

At the same time, the ergodic layer spreading near the
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separatrix in the innermost of the torus has the small width of
about 3 mm. Again the first kind of region with Ng less than
10 is dominant in the whole ergodic layer. Figure 9 shows the
path length of the field lines until reaching the neutralizer
plate with and without the tilt perturbation, when the initial
points are taken in the region of the torus: 2.23 < R < 2.25,
¢ = 0, and z = 0. The field line length in the first kind of
the ergodic layer is about 100 m at ¢ = 0 and 160 m at ¢ = 7,

which is 3 ~ 5 times longer than that in the divertor region.

In order to study the dependence of the magnetic island
width as well as the ergodic layer width on the perturbation
strength, the combined perturbation is introduced which is based
on the tilt and shift perturbation of the magnetic limiter coils.
For the case with the amplitude of o = 3.5 mrad and n = 8 mm, the
mode strength by, on g = 3 surface and g = 4 surface is plotted
in Fig. 10 as a function of the poloidal mode number. The
resonant mode strength on the respective surfaces is shown in
Fig. 11 with the coefficient of the combined perturbation
strength defined as y = a/1.75 [mrad] = n/4 [mm].

Figure 12 shows the dependence of the g = 3 island width
A{éi on ba1(wq=3)- This island width is observed near the X
point on the eguatorial plane. Although A{;i at the above loca-
tion does not mean the full width around the g = 3 island chain,
the dependence of Aééi on by, (Yg=3) is not changed. Figure 12

3
shows that A{Si scales with vb;; if by; is less than about
(3)

3x10=% T (yz4~5), and that after A; ] reaches its maximum size,

the ergodic layer appears around g = 3 islands with a small width

- 10 -



JAERI-M 9789

(3) . . {3} ]
Aerg' 1t should be noted that the increase 1in Aerg consists
(2)

with the decrease in Aj.7.

For the ergodic layer spreading near the separatrix due to
the destruction of g > 3 surfaces, the first kind of region is
dominant again in the entire area. The dependence of the ergodic
layer width on bql(wq=u) is plotted in Fig. 13. Here Aé;; means
the ergodic layer width near the X point {as measured in Fig. 8),
and Aé;; in the innermost of the torus. As to Aé;é, Fig. 14

shows a typical example in case of vy = 2 [i.e. bq1(¢q=u) = 2x107°

T]. The width Aé;é connects continuously with Aé;%, as the

perturbation increases 1its strength {y>4). That is, the ergodic
. 1
layer spreads near the X point with the width of Aér; + Aé;; and

surrounds fully the g = 3 island chain.

One can find from Fig. 13 that Aé;; + Aé;; is proporticnal
to vb,,; and that Aé;; increases linearly with by,. This dif-
ference concerning the dependence on bul(quu) results from the
distribution of the flux function itself in the divertor con-
figuration near the separatrix. The width of the ergodic layer
around the separatrix, Aerq' is generally estimated as Aéi% <
ferg < Aééé + Aé;%. Although the dependence agrees with the
theoretical prediction,7) the magnitude of Aerg is different
from that based on the simple theory:Aé;%/Aé;é = 4 at bql(wq=u)
= 2x10~% T in the present numerical calculation while Aé;%/&é;é
~ 28 in the theory. This is mainly because Aéi% obtained
numerically is by a factor of five wider than that predicted by

the theory.

- 11 -~
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5. Discussions and Conclusions

In the absence of the non-axisymmetric magnetic perturba-
tions, the scrape-off layer width Ascr predicted by the emperical
scaling law of DIVAIS) is 1 v2 cm over a wide range of expected
plasma parameters in JT-60, while the clearance between the
separatrix and the nearest first wall is 3+ 4 cm for Bp=l and
2;=1. Once the ergodic layer is formed near the separatrix,
however, the clearance generally becomes narrow. Some part of
the field lines in the scrape-off layer may strike the first
wall before their reaching the neutralizer plate, if Ascr+Aé§é
is wider than the clearance. To avoid this situation, Aé;; must
be kept émaller than Ascr'

From this point of view, the width of the ergodic layer has
been estimated in §3 and §4. The toroidal ripple field produces
the ergodic layer with the narrow width: Aé;é = 0.5 cm for the
ripple amplitude of JT-60. In the meanwhile, the error field
due to the misalignments of the magnetic limiter coils have a
possibility to produce the ergodic layer with a wide width. We
have considered the coil perturbations with n=1 mode, because
it is the most dangerous case that destroys the magnetid surfaces
near the separatrix. From the engineering viewpoint of the coil
installation in JT-60, the mechanical tolerance of the magnetic
limiter coils is expected to be kept less than Y=116)= bgl(wq=3)5
6x107" T and bui (¥g.,) <1x10~* T. At this level of mechanical
tolerance, the ergodic layer is localized with Aé;% = 4 cm near
the X point and Aéié = 0.6 cm in the innermost of the torus as

shown in Fig. 13. Thus the relation of A{2) <A will be
erg scr

satisfied in JT-60. Moreover if the misalignments occur at

- 12 -
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a few locations (i.e. n > 1}, it will be possible to reduce the
resonant mode strength and consequently the ergodic layer width.
Concerning the possibility of particle loss mechanism, it is
found from Figs. 8 and 9 that most of the field lines in the
first kind of the ergodic layer flow into the neutralizer plate
with the path length of 100 "~ 200 m. This path length corre-
sponds to the mean free path of electrons at the boundary plasma
with ne = (0.5Vv1.0)x10'® m™? and Tg = 200 * 300 eV. Therefore
without collisions these epithermal electrons will escape from
the boundary region. But it is not clear whether or not these
electrons directly strike the neutralizer plate, because the
present calculation is based on a vacuum magnetic field system.
As to the possibility of the heat flux reduction on the neutral-
izer plate induced by the ergodicity of the field lines, we did
not obtain the manifest result. Namely, it is nét obviously
observed in the present investigation that the field lines leak-
ing from the ergodic layer in the plasma side sufficiently spread
on the neutralizer plate within one poloidal circuit. Then a
more precise calculation, including particle motions in a scrape-
off layer plasma as well as in a perturbed magnetic field, is
required further to understand the particle and heat flow onto
the neutralizer plate in JT-60.
Finally we conclude by summarizing main results obtained in
the present inyestigations as follows:
(1) Toroidal ripple field produces the ergodic layer with a
narrow width due to its non-resonant nature with a high
toroidal mode number: ﬁ(l) = 0.5 cm even near the X point

erg

for the ripple amplitude of 0.01.

- 13 -
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(2) Error field with a low toroidal mode number can produce

the ergodic layer with a wide width: Aéié = 4 cm near the
X point and ﬁé;; = 0.6 cm in the innermost of the torus

for the presumed mechanical tolerance of the magnetic

limiter ceoils,

(3) Particle loss will be enhanced at the boundary plasma,
particularly when magnetic perturbation has a low toroidal
mode number (n=1) and a wide profile of a poloidal mode

number with a peak at mvng as shown in Figs. 6 and 10.
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Error field with a low toroidal mode number can produce
the ergodic layer with a wide width: Aé;é = 4 cm near the

X point and ﬁé;; = 0.6 cm in the innermost of the torus
for the presumed mechanical tolerance of the magnetic

limiter coils.

Particle loss will be enhanced at the boundary plasma,
particularly when magnetic perturbation has a low toroidal
mode number (n=1) and a wide profile of a poloidal mode

number with a peak at mvng as shown in Figs. 6 and 10.
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’ Table I Typical parameters for calculations of plasma

equilibrium and field line equations

Poloidal beta Bp =1
Internal inductance 8y = 1
Magnetic axis Ry = 3.2 [m]
Toroidal field By® = 4.5 [T]
! Plasma current Ip = 2.1 [MA]
» Primary magnetic limiter
(ML-P) coil current Im-p = 90 [kA/turn]
Sub magnetic limiter
{MIL-S) coil current Iyr-s = —90 [kA/turn]
Vertical field coil current Iy = 34 [kA/turn]
Quadrupole field coil current Ig = 17 [ka/turn]

Horizontal field coil current Iy = 0

Table II Typical examples of magnetic perturbations

Origins Amplitude Location(Toroidal mode number)
Toroidal ripple field ¢=0.01 Near X point (n=18)
Tilt perturbation 5=1.75 mrad | Magnetic limiter coils (n=1)
Shift perturbation n= 4 mm Magnetic limiter coils (n=1)

-17 -
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Fig. 2 Axisymmetric magnetic configuration. The X point is

marked by "X".
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Fig. 3 Mode strength of toroidal ripple field perpendicularly

acting on g=4 surface with polcidal mode number,
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Fig. 4 Perturbed magnetic structure near the X point on egqua-
torial plane affected by toroidal ripple field. The

ergodic layer bounds irregularly on the confined region.
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Coil Perturbations

Shift

Illustration of tilt and shift displacements of poloidal

Fig. 5
coil.
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Fig. 7 g=3 magnetic islands produced by error field due to 3.5

mrad tilted ML-P coil.
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Fig. 9 Field line length until reaching the neutralizer plate
with initial point at ¢=0 on eguatorial plane. Solid
line shows field line length with tilt perturbation of
3.5 mrad for ML-P coil, while dotted line without per-

turbation for reference.
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Mode strength of combined perturbation on g=3 surface
and on g=4 surface. Combined perturbation, in this case,
is based on the tilt and shift perturbation of magnetic
limiter coils with a=3.5 mrad and n=8 mm, respectively.

The dark point shows the resonant mode strength.
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with the coefficient of combined perturbation strength
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point as a function of the resonant mode strength on

g=3 surface.
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The dependence of ergodic layer width produced by com-

bined perturbation on the rescnant mode strength on g=4

1)

surface. Aérg means the ergodic layer width near the X

. 2) ., . , .
point, Aéré in the opposite side of the X point, and

3 1
aér% around g=3 island. Aér% produced by toroidal ripple
field and by 3.5 mrad tilted ML-P coill are also plotted,

respectively.
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