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Abstract.

Neoclassical transport coefficients are computed by Monte Carlo simulation over a wide
range of mean free paths in the approximation of small gyroradius, monoenergetic particle
distribution, and vanishing electric field for several stellarator fields. Pfirsch-Schliter,
plateau, and ripple transport coefficients are obtained. The transport coefficients for £ = 2
stellarators in the ripple regime can be described as a single function of the aspect ratio, the
rotational transform, and the number of periods. We present here stellarator configurations
in which transport is reduced by a factor of 2 to 4 in all three regimes as compared with a
tokamak with equal aspect ratio and effective ripple and by a factor of up to 8 as compared
with an equivalent £ = 2 stellarator. Transport in actual stellarators (ATF-1, Heliotron-E,

W VII-AS) is moderately worse than in the equivalent £ = 2 stellarator.




1.Introduction.

A Monte Carlo code which was previously described and applied to axisymmetric and
ripple tokamaks [1] is used to study neoclassical transport in stellarators. Transport coef-
ficients are obtained over a wide range of mean free paths in the approximation of small
gyroradius, so that a local transport coefficient associated with a given magnetic surface
can be determined. A monoenergetic particle distribution which is only subject to pitch
angle scattering and a vanishing electric field are used.

In this work magnetic fields are represented by their components in a Cartesian coor-
dinate system. Only vacuum field stellarator configurations are considered (with one ex-
ception in Sec.3), so that the three field components and five of their derivatives suffice
to evaluate the guiding-center drift equations. Details of the numerical procedure have
already been published [1].

The results are presented in a normalized way which turned out to be adequate for
describing axisymmetric and rippled tokamak cases and which is briefly repeated here for

convenience. A dimensionless mean free path L* is used:
L* =A/L., (1)

where A is the mean free path and L. half the connection length L, = wR,/t, R, the
torus radius, ¢ the rotational transform (or twist) of the magnetic surface considered. A

dimensionless transport coefficient D* is introduced by

D*=D/Dp, Dp=1, (2)
where Dp is the plateau value
_o064 2
Dp =064 77 -, (3)

v being the particle velocity (v = \/2E/m) and p the formal gyroradius (p = muv/eB,,
B, main magnetic field at R,). Here, compared with [1], we changed the numerical value
by a factor of 2 to conform to the standard definition D =< z2 > /2t . With these

normalizations the Pfirsch-Schliter regime and the tokamak banana regime are given by (1]




Dps =1/L*, Dy A3/L*, (4)

where A is the aspect ratio of the magnetic surface considered.

In Sec.2, the results obtained for £ = 2 stellarators are described. Since toroidal stel-
larators are necessarily three-dimensional configurations, their transport behaviour in the
long-mean-free-path (Imfp) regime, in which the transport is proportional to the mean free
path [2], is of particular interest. It is useful to compare the results obtained in this regime

with those obtained for a rippled tokamak which can be described by the formula [1]
D% = 1.65 62 L*, (5)
where 6§, is the effective ripple defined by

8¢ =/5%(0) sinodo//sinedo, (6)

9 being the poloidal angle and §(8) the local ripple depth evaluated along a field line, and

N

with the integration extended between § = 0 and § = . As an example we take Fig.1
which gives the magnitude of the magnetic field along a field line. A distinct value of the
poloidal coordinate 8 and a local ripple depth §(6) = (Bmaz — Bmin)/(Bmaz + Bmin) can
be assigned to each field minimum. (For each field minimum there are two adjacent field
maxima, the smaller one is taken for By,qz.) Thus, we get Fig.2 with the ripple depth 6
versus poloidal angle §. For the integration in eq.(6) we take the curve of Fig.2.

In Sec.3, results for stellarator configurations obtained by an optimization procedure
are described [3,4]. Various quantities of merit, e.g. reduced parallel current density,
deepness of magnetic well, low aspect ratio, and reduced deviation from the condition for
isodynamic particle drifts [5,6], were used in the merit function during optimization. It is
therefore useful to assess the actual transport properties for such configurations.

In Sec.4, D*(L*) is computed for actual devices or designs, namely ATF-1, Heliotron-E,
and W VII-AS. Section 5 presents conclusions.

A total of 25 different stellarator configurations will be considered. Obviously, this poses

the problem to find a way to discuss these configurations in a concise way. Each of these
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configurations is uniquely defined by data sets available in the IPP computing system.
These data sets can be located by their names which consist of three mnemonic letters
(in most cases the user’s identification; WAD, DOM = Dommaschk, ASC = Schliiter,
MYN = Mynick, CHU = Chu) plus some additional characters. While the use of these

“code names” may appear puzzling at first sight, it proved to be quite helpful in avoiding

misunderstandings.




2.Results for £ = 2 Stellarators.

Stellarators of the £ = 2 type are the simplest toroidal stellarators and we have therefore
studied many cases which serve as a reference basis. Here, they are represented by the
appropriate Dommaschk potentials (see Ref.[4] and Appendix). Parameters of such £ =2
stellarators are the number of periods N, the aspect ratio A, and the twist ¢. Although
these parameters are of course not completely independent of each other, they can be
varied over a substantial range. Table I shows the cases which have been treated. Figure 3
shows D*(L*) for a representative case together with the corresponding axisymmetric and
ripple tokamak cases. The results clearly verify the so-called 1/v transport behaviour (in
the notation used here this means transport proportional to L*) (2,7, 8]. Table II gives a
more complete description of these £ = 2 configurations including the magnetic well (or
hill), the effective ripple é., D*(1000), and D*/D%. Figures 4-6, 14-16, 22, and 27-46 give
more details of these configurations. There are only small numerical factors (s 2) between
corresponding ripple tokamak and £ = 2 stellarator cases, the values for the latter being
systematically larger. For L* = 1000 (a typical value characterizing the Imfp regime),
D* varies by two orders of magnitude. The 6;:' scaling describes £ = 2 stellarators quite
adequately. An even more precise representation of the results can be obtained as follows.
The transport coefficient D*(103) is found to be proportional to N and ¢«. With the help

of the additional scaling parameter aspect ratio A, the results can be reproduced by
D} =233 A-220.. NL* (7

to within an accuracy of 10 % for 10 < A <40, 0.25<:<1.0, 5< N <19.

An £ = 3 stellarator [9] was treated as a test case (DOMS3, Table II). As has to be
expected, it is quite close to the corresponding ripple tokamak case. More surprisingly, this
undisturbed £ = 3 stellarator conforms to eq.(7). When the £ = 3 stellarator configuration
is disturbed by a homogeneous vertical field, thus shifting the magnetic axis outward,
D*(10%) can increase considerably (DOM3B with axis at R = 101.0 cm, DOM3A with
axis at R = 102.1 cm). The same will be true for an £ = 3 stellarator with shifted axis

due to finite plasma . For £ = 3 stellarators see Figs.17 and 47-55.




8.Results for Optimised Stellarators.

Here, D*(L*) is described for configurations which were obtained by optimizations with
various measures of merit.

A group of related configurations is given by WAD514, WAD384, WAD428A (3, 10].
Table III shows details of these configurations. Figure 7 shows the results D*(L*). We
used representative magnetic surfaces not far away from the “last closed outer surface”.
For these configurations the main optimization objective was to reduce the parallel current
density, with side conditions on A and ¢, and, in the case of WAD384 and WAD428A, on
the magnetic well. While WAD514 indeed verifies that a factor of 4-5 can be gained in the
PS regime, it demonstrates on the other hand that the local curvatures associated with the
reduction of the parallel current density lead to large field ripple and very unfavourable
transport behaviour in the Imfp regime. The side condition that at least a shallow magnetic
well exist (WAD384, WAD428A), which was introduced to yield at least low-4 MHD
stability, on the one hand limits the reduction of the parallel current density obtainable
but, on the other, also reduces the ripple and the transport in the lmfp regime. The
improvement is such that the ripple transport is not worse than that of an £ = 2 stellarator
with correspondingly lower aspect ratio (such as to allow a comparable equilibrium-g
value). For more details see Figs.19, 24, 62, 63, 69, 70, 74, and 75.

A second group of related configurations is given by ASC742 (3], CHU2 (a configuration
close to one of the configurations of [11]) and MYN2, WAD454, and WADA421. For these
configurations, the optimization directly included the trapped particle behaviour. While
ASCT42 was obtained with the side condition that the minimum of B = | B| on a magnetic
surface decreases as little as possible with decreasing aspect ratio [3], the configuration
of [11] was designed to avoid a local field ripple on the outer side of the torus and to
keep the minima of B encountered along a field line independent of the position along
the field line. WAD454 and WAD421 were obtained by including the deviation of B on
a magnetic surface from the functional form B = B(U) in the merit function, where U
is the vacuum potential. Since B(U) leads to isodynamic particle drifts, minimizing the
deviation from the functional form and weighting it with the ripple [12] should improve the

trapped particle transport. Table III shows details of these configurations; Figs.8 and 9
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contain the results D*(L*). For more details of these configurations see Figs.18, 20, 23,
25, 56-61, 66-68, 71-73.

The results show that an improvement in the Imfp regime is indeed possible. ASC742
shows a reduction factor of about 2 in the PS and plateau regimes together with a re-
duction factor of about 3 as compared with the ripple tokamak in the Imfp regime. This
improvement comes about because the ripple occurs in the low-curvature region [13]; the
ripple is so large, however, that the transport is still worse by a factor of 6 than that of an
¢ = 2 stellarator with equal N, A, and ¢ (see eq.(7)). The CHU2 configuration shows about
the same reduction factor of 3 if compared with the equivalent ripple tokamak and is still
worse by a factor of 2.5 than the equivalent £ = 2 stellarator. The underlying optimization
idea [14] is, however, correct. The configuration MYN2, which is a special ripple tokamak
(see Fig.1) realizing the attempted ripple structure (0 = +1 in the notation of Ref.[14]),
shows an improvement factor of about 7 as compared with the standard ripple tokamak
of equal effective ripple.

The WAD454 configuration was optimized towards B = B(U) without side conditions
on the magnetic well, and in fact it has a significant magnetic hill (Table III). On the
other hand, it shows a reduction factor of up to about 8 compared with the equivalent
£ = 2 stellarator. This appears to be the best result hitherto achieved in this respect. It
shows that the search for configurations with small ripple transport is at least worthwhile
in principle. The ripple of 2.5 % is the smallest out of all the configurations considered
here with equal ¢ and A. This, however, is only one cause of the favourable result, which
is mainly due to a reduction factor of about 2.4 as compared with the equivalent ripple
tokamak, while the equivalent £ = 2 stellarator is a factor of 2.4 worse than the ripple
tokamak.

Figures 72 and 73 show the ripple structure of WAD454. Since there is a substantial
ripple on the outside of the torus, we conclude that the favourable result cannot be explain-
ed by the concept of Ref.[14]. The ripple structure is more complicated than assumed in
Ref.[14], so that the definition of o does not apply. Generalizing the definition to be
0 = (6in — bout)/(6in + Sout) Where ¢, and oy¢ refer to the toroidally inner and outer side of

a magnetic surface, we can attribute o = +0.1 to this configuration. The ripple structure
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shows that the fraction of deeply trapped (localized) particles is small.

The WAD421 configuration was optimized in the same way but with the side condition
of a shallow magnetic well. It shows a slight improvement as compared with the equivalent
ripple tokamak. The ripple is so small that the improvement as compared with the £ =2
stellarator is still about 3. This appears to be the best value hitherto known for a stellarator
with approximately marginal magnetic well. Figures 67 and 68 show the ripple structure
of WAD421.

Finally, a configuration with a deep magnetic well is considered, WAD409 [15]; details
thereof are shown in Table III. Here, ripple transport is a factor of 3 larger than the
equivalent ripple tokamak and a factor of 5 larger than the equivalent stellarator. See also

Figs. 20, 25, 64, 65.




4.Results for ATF-1, Heliotron-E, and W VII-AS.

Table III shows details of three actual devices or designs, namely ATF-1, Heliotron-E,
and W VII-AS, and Fig.10 containes the results D*(L*).

The ATF-1 configuration [16] shows a D*(L*) curve which is quite close to that of the
equivalent £ = 2 stellarator, except in the Imfp regime in which D*(L*) is a factor of about
2.5 larger. This configuration has the deepest magnetic well (2.2 % at the aspect ratio
of 10, which is considered in the Monte Carlo simulation) encountered together with this
value of ripple transport. For more details see Figs.21, 26, 76, and 77.

The configuration representing Heliotron-E [17] shows somewhat larger transport for all
values of L* than the equivalent £ = 2 stellarator, e.g. a factor of approximately 4 in the
Imfp regime. On the other hand, the absolute value of D = D*Dp is not actually high as
compared with other devices since the twist is so strong. For more details see Figs.21, 26,
and 78-80.

Optimization studies observing the existing structure of the W VII device had led to the
W VII-AS design [18]. It shows an improvement factor of about 1.5 in the PS regime, of
about 2 in the plateau regime, and a transport coefficient which is a factor of approximately
2 larger in the Imfp regime compared with the equivalent £ = 2 stellarator. For more details

see Figs.21, 26, and 81-83.




5.Conclusion.

A synopsis of some of the results obtained in the previous sections is given in Fig.11.
These show that different stellarators may indeed have quite different Imfp transport be-
haviour as obtained from D*. Here, we do not claim that differences corresponding to the
factors in D* occurring in the various configurations will actually be observed, since the
assumptions of the calculations performed here (mainly large r,/p; and vanishing electric
field) will not be true in actual devices. Configurations with substantially different values
of D* should, however, exhibit significantly different transport behaviour when subjected
to more refined and self-consistent neoclassical transport studies.

Figure 11 also shows an increasing transport coefficient with deepening of the magnetic
well; no configuration has been found as yet with a magnetic well of several per cent and
a small transport coefficient. This is another example of the general tendency that any
measure improving the MHD properties will increase local ripple depths.

In order to demonstrate the range of validity of the results as far as the value of r,/p
is concerned, we consider the simple £ = 2 stellarator DOM2A at L* w5 32, so that D*
is substantially larger than unity, D* = 4. Figure 12 shows that for r,/p > 5102 (e.g.
corresponding to approximately 8 keV deuterons at a radius r, of 1 m and a main field
of 6 T) the local transport coefficient determined here is valid. This is in accordance
with our previous result [1], ro/p > 7D*/s 5Z. Since this limitation is obtained due to
the fact that a loss cone in velocity space develops for larger p (i.e. larger drift velocity)
this is really a limit on p for fixed plasma radius. No difficulty arises if surfaces with
larger aspect ratio (i.e. smaller r,) are considered for fixed p. We can adapt the usual
argument (8] to determine the validity of our assumption of vanishing electric field. The
assumption 75 < vy where 75 is the detrapping time 6. A/v and 7yy the poloidal transit

time associated with the VU x B drift, together with eU = E, leads to
Fob
L* ¢ ——
< P54

as the limitation on L* for the results presented here to be valid. Since trapped particles
-3
play an essential role only for L* > 6.7 , a minimum value of r,/p

%> A/5e% t
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is required for our results to be meaningful in the ripple regime.

Our results for Heliotron-E (considered without electric field) are in accordance with
Wakatani’s [19] results. In particular: i) the minimum value of D* is about 3.5;
ii) significantly larger values for D* (D* s 8) than the plateau level can be calculated
in the framework of a local transport coefficient; iii) the corresponding ratio of r,/p is as
low as 60 in his work, which is significantly less conservative than the estimate obtained
above. This adds significance to results obtained for large r,/p. It is difficult to obtain a
closer comparison with Wakatani’s work since the model case d = 0 is in principle incon-
sistent in stellarators if d is interpreted as ellipticity of the flux surfaces. Therefore, such
a case never occurs among ours, since we do not use field models but actual 3D vacuum
magnetic fields. Supporting evidence for the above estimates concerning the neglect of the
electric field can also be found in Ref.[19].

Finally, we mention that the configurations considered here had smooth magnetic sur-
faces in the sense that magnetic field lines can be followed > 102 times around the torus,
yielding well closed surfaces like the inner ones shown in Fig.37. This figure also shows
an island chain at ¢ = % The formal calculation of a local transport coefficient near a
magnetic surface with a rotational transform so that an island chain can develop will show
an increase in the transport when the particles reach the islands. An example is given in
Fig.13.

A concise version of this paper has been published elsewhere [20]. In this IPP-report a

few minor corrections to the published paper have been made.
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Appendix.

DOMMASCHK POTENTIALS. Earlier papers [4] can be summarized as follows:
The magnetic field B is given by its scalar potential V' (R, ¢, 2 cylindrical coordinates):

B=VV, AV =0

V=p+) Vme m=0,N2N... £=0,1,2...

m,¢

N = number of periods; m is the toroidal index (corresponding to the number of periods),
¢ is the poloidal index (corresponding to the helical number), ¢ corresponds to the main
field. The V,, ¢ are separate solutions of the Laplace equation; with the usual symmetry
Vin,t(R, ©, 2) = —Vm,e(R, —p, —2), they are given by:
(A1)

aym=0; £=0 Voo =0

b)'m'=0;" £="1;3;50.. Vo,¢=A},’¢-D¢,,¢

c)m=0; £=2,4,6... Vo,e = A3 - No,e—1

dym#0; £=0 Vino = Ah o Dm,o

e)m#0; £=1,8,5... Vim,e = A}, ¢ D¢ - cosmop + A? ;- N1 -sinmp

fym#0; £=2,4,6... Vit = A}, " Dim,¢ - sinmop + A? ;- Np¢—1 - cosmp

Dy, ¢ and Ny, ¢ are the ”Dirichlet” and the ? Neumann” type Fourier coefficients of the
scalar potential in the notation of reference [4].

The constant coefficients AN, IDN = 1, 2 have to be chosen separately for each

configuration. A homogeneous vertical field B;, is given by
Vo1 = A};,x + Do,y = B 2.

Examples of Dy, ¢ andNp, ¢y are as follows:

Do'1 =2
Do3 =22/3'+ (—R?® +2In(R) +1) - 2/4
No,l = 1D(R) 1

N,3 =In(R) - 23/3! + [R?(— In(R) + 1) — In(R) — 1] - z/4

12
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and for m > 3 (since configurations with less than 3 periods are not considered in this

paper) with the following abbreviations:
CB,=(R™ + R-™)/2
CP | =[-m(m —1)R™*2 + (m + 1)(m — 2)R™ + m(m + 1)R—™+2
— (m+2)(m — 1)R~"™] / 8m(m? — 1)
CR ; =[m(m —1)(m — 2)R™** — 2(m + 2)(m — 2)2R™*2 + (m + 2)(m + 1)(m — 4)R™
+m(m + 1)(m + 2)R~™** — 2(m + 2)?(m — 2)R~™+32
+ (m + 4)(m — 1)(m — 2)R~™] / 64m(m? — 1)(m? — 4)
¥, =(R™ - R~™)/2m
CX . =[-(m-1)R™*2 4+ (m+1)R™ — (m + 1)R~™*2 + (m — 1)R~™] / 8m(m? — 1)
CN ., =[(m—1)(m—2)R™+* — 2(m? — 4)R™*2 + (m + 1)(m + 2)R™
— (m+1)(m + 2)R~™*4 4 2(m? — 4)R~™+3
— (m = 1)(m — 2)R~™] / 64m(m? — 1)(m? — 4)
the D,, ¢ and Ny, ¢~ are given by
Do =Cn,

— D
Dm’l == Cm’o -2

Dpma=CB,-22/2+CP,
Dp3=CB,-2°/31+Ch -2

Dpna=Ch,-2* /4 + C,?,'l 232+ Cg',
Dps=CB,-2°/8'+CP,-2*/3!1+CD, -z
Nm,o=Cp,

Np,y = Cz’o ¥ 1

Niza= Clys:a%/2 + 0%,
Nps=CN,-22/3'+CN .z

Nma=Ch, 2[4+ CN -22/2+CN,
Nps=CN -2%/81+CN - 22 /31+CN, =

13




Thus, the center point of the potentials Vi, ¢ with £>2isR=1 z =0, and
By,(R=1)= By =1.

For the £ = 2 stellarators of Table IT only Dy, 2, Dy 4y Nm,1 and Np, 3 are used. The cor-
responding coefficients AP} are given in Table IV; these £ =2 stellarators are dominated
by Dp,,2 and Ny, 3.

Other configurations used in this paper are much more complicated. In Tables IV to XV
we give coefficients AP} for all configurations where Dommaschk potentials have been

used.
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5 10, 20, 40 0.50
10 10, 20, 40 0.25, 0.50, 0.96
19 10, 20 0.50

Table I: Range of parameters of & = 2 stellarators
for which D*(L*) was computed. (For ex-
planations of N, A, . see Table II.)
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NAME m

DOM2A 10
DOM2C 10
DOM2B 30
DOM2D 10
DOM2E 10
DOM25 5
DOM25A 5
DOM25B 9
DOM19 19
DOM19A 19

Table IV: Coefficients A;DQ of eq.(A1l) for the & = 2 stellarators
of Table II; ’

IDN =1, 2; m =5, 10, 19; 2 = 2, 4; B¢0 = 1.
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DCM3 (1982)
1 0 1 C. 0

0
1 1 32 3 -1.90000E+02
2 2 3L 3 1. 90000 E+02

DOM3 A (1984)

0 1 0 1 —-5.65000£-03
1 1 32 3 -1.90000 E+)2
2 2 32 3 1. SO000E+Q2

DOM 38 (1584)

0 1 0 1 -6.,00000 E-04
1 1 32 3 -1.9000 0E+02
2 2 32

3 1. S000VE+ Q2

Table V:  Coefficients AI') of eq.(A1) for the

configurations DOM3, DOM3A, and DOM3B
of Table II.
IDN=1, 2; m=32, 2 = 3; B, = 1.

2%




ASCT742 (14.02.81)

C 1 0 1 1.99856 E-02
1 2 0 2 3.87523E-01
2 1 0 3 3.14099E-01
3 1 5 0 -4.40130E-02
4 1 5 1 -5.21119E-02
5 2 5 1 2.96569E-01
6 1 5 2 1.00687 E+00
7 @ 5 2 le 35942E+00
8 i 5 3 -1.01939E£+01
9 2 5 3 -1.53868 E+00
10 1 1¢C 0 5. 33649E-03
11 1 10 1 4.54419E-02
12 2 10 1 -5.12103 €-02

Table VI: The 13 coefficients AL} of eq.(A1)

for the configuration ASC742.
IDN =1, 2; m =0, 5, 10;

£=0,1, 2, 3; Bwo = 1.




WAJ384 {02405 .80)

0 1 0 1 8. 5837£E-02
1 2 0 2 %+49044E-01
2 1 0 3 T.00605 E+00
3 1 10 g 1l. 79780E-03
4 1 10 1 2.64064E-01
5 2 10 i —-229912 E-01
6 1 10 2 -5, C6TT3E+D0
7 2 10 2 —-4.40950E#00
8 1 10 3 2269700 E+01
9 2 10 | =2+ 04575E+01
10 1 20 0 —1. 30617E-03
11 1 20 1 236318 =02
12 2 20 1 —=1eS1692E-02
13 1 20 2 —4. 58949E-01
14 2 20 2 =2.26627E-01
15 1 20 3 =1.1229%E+02
16 2 20 3 8. 75384E+ 01

Table VII: The 17 coefficients A;DE of eq.(A 1)
for the configuration WAD384.
IDN =1, 2; m = 0, 10, 20;

25-0s.15a2,.33 &m)= 1
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WAD 409 {C7.12.82)

0 1 0 1 —1.59095 02

1 2 0 2 4.32068 E-03

é 1 Y 3 -1.07717e-01
3 2 0 4 -8.44101E+00

4 1 0 5 2.347971 €401

5 2 0 6 —1. 13C90E+03
6 11 VP 0 -3.50048E-04
7 1 12 3 -3.97819 02

8 2 12 1 3.13005E-02
9 172 2 - 1. 44553E+ Q0
10 2vay e 2 -1.41520 E+Q0
11 4° 2 3 1. 13582 E+00
12 25 V5]2 3 -3, 85657E+ 00
13 3iv12 4 —1.95204E+02
14 AR & - 4 -8.12254E+01
15 Sl S 1. 18361 E+Q2
16 23492 5 -4, 95834E+ 92
17 ) Bl b4 6 -1.32120E+04
1€ ot 6 -3.8667T7E+03
19 1 24 0 -1l 43277E-05
20 1vo 2% 1 1.50232E-04
21 2 24 1 2.81715 E-04
22 i i 2 -2.433341E-02
23 2 24 2 -1.93066£-02
24 1 24 3 1.42775 E+00
25 2:.:24 3 -8+ 83756E-01
26 1 24 4 2.80301E+01
27 2 24 4 3.87209 E¥ 01
28 1. 24 8 4, T9043E+02
29 2 24 5 5. 38171E+02
30 1 24 6 3,76233E+403
31 2 24 4 1. 12329E+J4
32 1 36 0 —5. 41494E-08
33 1 36 1 -5.14309E-05
34 2 36 1 —2.58741E-05
35 1 36 2 2. 48616E-04
36 2 36 2 ~1.83714E-04
37 1 36 3 ~T.T72539E-02
38 2 36 3 —7.55118E-02
39 1 36 4 5.17409E+00
4C 2 36 4 —4.,75668&-01
41 1 36 s -1.48083E+02
42 2 36 5 1.62423E+02
43 1 36 6 3.39021 E+02
44 2 36 € —-5.21340E+03

Table VIII: The 45 coefficients AI’) of eq.(A1)
for the configuration WAD409.
IN = 1, 2; m = 0, 12, 24, 36;
R=0,1,2,3,4,5,6; B, = 1.
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Table IX:

WAD 421 {16.02.82)

0 1 0 1
1 2 0 2
2 1 0 3
3 1 5 0
4 1 5 1
5 2 5 1
6 1 5 2
7 2 S 2
8 1 5 3
9 2 5 3
10 1 5 4
11 2 5 4
12 1 5 5
132 2 5 5
14 1 10 0
15 1 10 1
16 2 10 1
17 1 10 '
18 2 10 2
16 1 10 3
20 2 1¢ 3
21 1 10 %
22 2 10 4
24 1 10 -
24 2 10 5

The 25 coefficients A

1.67772E-02
2. 84S08E-01
1.20079E+00
-8.85632 £-03
—3. 64842E-02
8.18686E-02
127591 E+00
1. 5401 0E+00
—2.29426E+00
-2.77811E-01
4. 20127E+01
4. 12018E+01
2.02835 E+01
—=7. 92812E+01
=3, 713473E- 04
7.38098 03
-1.58853E-02
— 1. 32762E-01
~-T.28573E-02
-3.70148 E+00
3. 12630E+00
6.38264E+00
2.27100 E+01
—3.25758E+02
1.046906E+02

IDN

m, 2 of eq.(A 1)

for the configuration WAD421.
IDN=1, 2; m =0, 5, 10;
% =05 1s 25 35 45 55 Bwo = 1.
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Table X:

KAD 428A

0 1 0
1 2 0
é 1 0
3 2 0
4 1 10
5 1 10
6 2 10
7 1 10
8 2 10
9 1 10
10 2 10
11 1 10
12 2 10
13 1 20
14 1 20
15 2 20
16 1 20
17 2 20
18 1 20
19 2 20
2C 1 20
21 2 20
2¢ 1 30
23 1 30
24 2 30
25 1 30
26 2 30
21 1 30
28 2 30
29 1 30
30 2 30

{ C4. C2.81)

1
2
3
4
0
1
1
2
2
3
3
4
4
0
1
1
2
.
3
3
4
4
0
1
1
2
2
3
3
4
4

4.59139E-02
1.15790 E+01
-17. 52862 E+00
3.72016E+01
3.09075 E-03
2.15233E-01
- 2.04892E- 01
~3.11650 E+00
-3. C7562 E+00
1. 87864E+01
-5.4246TE+00
3. 89045 E+ 02
2. 23294E+02
-3.05897E-04
4. 61211 E-02
— 4. 17743E-03
~4.24032E-01
—4.46T20E-01
~7. 46T14E+0L
6.17702E+01
~2.83494E402
- 8. 50432E+01
-7.32629E-25
1.91084 E-03
6. C6129E-03
~1.71917E-01
~1.63470 E-01
-5. C4110E-01
~1.17863E+00
1.09406 E+03
6e 2793 TE+02

IDN

The 31 coefficients Am ) of eq.(A1)
for the configuration WAD428A.

IDN, 1, 2; m = 0, 10, 20, 30;
L=0; 1; 2, 3; 43 B¢0 = 1.
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Table XI:

WAD 454 (18.C2.82)

0 1 -0 1
1 2 0 2
2 1 0 3
3 1 5 0
4 1 5 1
5 2 5 1
6 1 5 2
d 2 5 2
8 1 5 3
9 2 5 3
1cC 1 5 4
11 2 5 4
12 1 5 5
13 2 5. 5
14 10240 1
15 2 10 1
16 1 10 2
17 2 10 2
18 1 10 3
19 2 10 3
2 1 10 4
21 2 '°10 4
22 4410 5
23 2 10 5

2.07149 E-02
1. 60974 E-01
1.86858E-01

-1.10102E-02

-1. 09603E-01
1. 10140E-01
1. 24083 E+00
1. 50 452 E+00
2. 26491E+00

-3.70857 £400
1.98336 E+01
3. 76 240E+ 00

-1.43178E+01

-9.00436 E+00
8. 13945 E-05

-9.36619E-05

-1.52926 E-02

-4, 2801 7TE-05
6. 21456E- 03
4.83179 E-02

~1. 37902 E+00

- 1. 20160E- 02
4.21286 E-01

~1.60514E-01

The 24 coefficients A;DE of eq.(A1)
for the configuration WAD454.

IDN =1, 2; m =0, 5, 10;

L= 0,41, 25, 3, 4, 5; Bwo = 1.
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WAD514 (10.12.79)

0 1 0 1 4. 369 T9E~-02
1 2 0 2 52,89940E-02
2 13210 1 3.71480 E-01
3 2 10 1 -1.30392E-01
4 1 10 2 -1.84119E+00
5 2 10 2 -2.34096 E+D00

Table XII: The 6 coefficients AL”) of eq.(A1)

for the configuration WAD514.
IDN=1,2; m=0, 10; ¢ =1, 2; B¢o = 1.
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ATF-1 (03.12.82)

0 1 0 1
1 2 0 2
¥ 1 0 3
3 2 0 4
4 1 0 5
5 2 0 6
6 1 12 0
1 1 12 1
8 20322 1
9 1 12 2
10 2 12 2
11 1. 12 3
12 2 12 3
13 1 12 4
14 2 12 4
15 1 12 5
16 2512 5
17 1 12 6
18 25 k2 6
19 1 24 0
20 1 24, i
21 2 24 1
22 1. 24 2
23 2 24 2
24 1 24 3
25 2 24 3
26 1 24 4
21 2 24 4
28 1 24 5
29 2 24 5
30 1 24 €
31 2 24 6
32 1 36 0
33 1 36 1
34 2 36 1
35 1 36 2
36 2 36 2
31 1 36 3
38 2 36 3
3s 1 36 4
40 2 36 4
41 1 36 5
42 2 36 5
43 1 36 €
44 2 36 6

—7. 83443E-03
1. 86970 E-02
1 32563E-01

- 1. 87997+ 00
3.29415E+01

-1.44147 E+03
1. 35796E-04

—2.17459E-02
2. 33319E-02

—1.88104E+00

-1.83583 E+00
2,13T727E+00

-3.,33275E+00

—2.47056 E#02

-1. 08535E+02

-3, 17583E+01
1.14177€+02

-8.07612E+03
7. 30988E+ 03

-3.33191E-06
292759 E-04
2. 10988E-04

-9,57518£-03

-5.84367 E-03
1. C3515E+00

-5.91305E-01
7.01115E+01
8. 01116E+01

-8.52508E+01
637730 E+02
3. 53969E+04
2. 188406E+04
2.50357E-07

—5.847T76E-05

-3, 15962E-35
1.71885E-03

—2.80067 E-04%

-8, 3C183E-02

—2.81728E-02
4.87544 E+00

-4, 06821E-01

-1.47090E+02
9.02410 E+O1
1. 01984E+03

-T. 11266E+03

IDN

Table XIII: The 45 coefficients Am g of eq.(A 1)
for the configuration ATF-1.
IDN =1, 2; m = 0, 12, 24, 36;
£=0,1,2,3, 4,5, 65 By, = 1:
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HELIOTRON-E (02.07.81)

C 1 0 1 —2.58094£-03
1 2 0 2 1. 75404E-01
2 1 0 3 1.16127E-01
3 2 0 4 7.19467E-01
4 1 19 0 5. 43151E-06
5 A B 1 -1.31397E02
6 2 19 1 1.31234E~-02
i/ 1 19 2 -3, 17242E+ 00
8 2499 2 -3,16694 E+00
9 kg ) 3 295964 E+00
1C Cspld ) 3 -3, 76385E+00
11 1 19 4 -1.14361E+03
12 e, b 4 -5.73630E+02
13 ¢ et € -1.30972E+05
14 1 38 2 — 1. 94499E-03
15 2 38 2 —5.56524E-04
1¢6 1 38 3 8. 61 880E-01
17 2 38 3 -8, 16125E-01
18 1 38 4 2.54137E+02
18 2 38 4 2. T1T52E+02
2C 2'->38 6 3. 86664E+ 05

Table XIV: The 21 coefficients ALY of eq.(A1)

for the configuration Heliotron-E.
IDN =1, 2; m = 0, 19, 38;

LU 0549,92¢ 3, 47 63 &m)= |




Table XV:

WVII-AS (28.04.83)

0 1 0

1 2 0

2 1 0

3 P's 0

4 1 0

5 2 0

6 i 5

7 1 5

8 2 5

9 1 5
10 y4 5
11 1 5
12 Z $
13 1 2
14 2 5
15 1 5
16 2 )
17 1 5
18 2 S
19 1 10
20 1 10
21 2 10
22 1 10
23 2 10
24 1 10
25 2 10
26 1 10
21 2 10
28 1 10
29 2.-.19
3¢ 1 10
31 2 10
32 1 15
33 1 15
34 215
35 1 --15
36 2 15
37 113
38 2—L45
39 1 15
4C 215
41 1 15
42 2 =19
43 1 15
44 2 15

CAVVEDAPWLNNREOARCVMMSITWLUONNEORTVMEPLWWNNE~O OV S WN p

9.43240E-03
2.55341 £-01
4. 10242 E-02
- 1.40220E+01
-2.99792E+01
-3, 87726E+03
- 1. 21413E-02
1. 12792 E-02
1.90922E-01
1. 258 78E+ 00
1.35643E+00
~4.15263E+00
1. 63836E-01
4.06992E+00
-9.04059 E+)0
—-1.35852E+02
1.20441E+02
-3.19222 £403
-1. 15839E+04
4. T1873E- 04
1.47238 £-02
-1. 05725E-02
2. 37015E- 01
3.51854E-01
-3.33006E+00
1. 6021 7E+00
3.81763E+01
4207500 E+01
6. C1416E+01
3.44T756E+02
3. 76945 E+02
—2.09760E+04
4.5807LE- 05
~1.00904 E-03
3.35741E-03
—-4.03158E-02
1.65178 £-02
3. 59866 E-02
—1.36241E-01
1.50701 E+01
5. 76041 E+00
~2.15314E+02
1.93934 E+02
2. 62102 E+03
9. 37200E+ 02

IDN

The 45 coefficients Am o of eq.(A 1)
for the configuration W VII-AS.

IDN =1, 2, m = 0, 5, 10, 15;
2=0,1,2, 3, 4, 5, 6; Boo = 1;
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DO
X WAD409 Heliotron-E X
ATF-1 X
102+ i
X DOM2A
W VII-AS X DOM2S
10 WAD421 X !
WAD454 X
- f | f
= -.05 0 W + .05

Fig.11: D* at L* = 1000 versus

ATF-1, N=12, A
Heliotron-E, N = 19, A
W VII-AS, N= 5,A
DOM2A, N=10, A
DOM25, N= 5,A
WAD409, N=12, A
WAD421, N= 5,A
WAD454, N= 5,A

well depth W for various configurations:

= 10, v = 0.54;
=17, v = 1.06;
= 12, v = 0.39;
= 10, v = 0.50;
= 10, v = 0.51;
=10, v =0.35;
= 10, v = 0.45;
= 10, v = 0.44;

W VII-AS and DOM25 coincide.




10 +

10° 10" 10°  r_/q

Fig.12: Computed local diffusion coefficient D* versus ratio of radius s
to gyroradius p of the magnetic surface considered.
DOM2A, N = 10, A = 10, v = 0.50, Ro = 100 cm, o & 10 cm, B, = 2T,
deuterons, L* = 32, Runge-Kutta step size 2.5 cm. Decreasing D* at
right hand side is due to direct particle losses. D* values of this
paper are taken from the range between 103 < ro/p < 3 104.
Reduction of the Runge-Kutta step size elongates the region of
constant values computationally obtained for D* to the left.
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Fig.13: D* at L* = 160 versus number NC of 90° collisions, ro/p =3 104.
Solid curve: DOM2A, N = 10, A = 10, v = 0.50;
dashed curve: DOM25, N = 5, A = 10, v = 0.51;
magnetic surface close to chain of islands shown in Fig.37. !
At NC ~ 5 one particle reaches the chain of islands; i
20 out of 64 particles have reached the chain of islands by NC = 100. :
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Cross sections of magnetic surfaces.

DOM2A, N = 10 (Table II).
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Fig.33: Cross sections of magnetic surfaces.
DOM2D, N = 10 (Table II).
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DOM2E, N = 10 (Table II).
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Fig.37: Cross sections of magnetic surfaces.
DOM25, N = 5 (Table II).
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-15. 04

Fig.43: Cross sections of magnetic surfaces.
DOM19, N = 19 (Table II).
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-12.01

Fig.45: Cross sections of magnetic surfaces.

DOM19A, N = 19 (Table II).
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DOM3, N = 32, & = 3 (Table II).
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Fig.50: Cross sections of magnetic surfaces.

DOM3A, N = 32 (Table II).
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ASC742, N = 5 (Table III).

Fig.56
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Fig.62: Cross sections of magnetic surfaces.

WAD384, N = 10 (Table III).
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Fig.64: Cross sections of magnetic surfaces.

WAD409, N = 12 (Table III).
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WAD421, N = 5, (Table III).

97



"Gp°0 =1 ‘0T =V ‘G =N “TZvavM
‘auL| plaL} e Buole platy oL3aubew jo apnitubep :/9°bL4

. (28°20°91) 12¥0BM  ¥°0=HlDr 00T=WY S¥PE€ZT=T S=W  H30734-MHISEWWDA
0 8

9 mw JN o
[NENEENENE NN NN NN ___________________4______-___________ prvrpvprrdovvvppppnbreperr et

e e e e e e e e e e e e e e A it BT L LR
0006

L e VS vo. WIS SO S o e e e e e o e D Y e e e ]
0000¢

e e e " 2, o b Sk S e i il e b £ e o s o il o < s i e o o]
ooI¢

o e e e i g e o o i s 5 e 55

000°0 = (OYY9) OIHd 000 °0 = 0Z 0S€°801 = oY gowg  SLvez
| | 1 | i I | |

98




"¥€°0 =1 ‘0z = ¥ G = N ‘T2vAvM
-auL| plats e Buore platy d3laubew jo apnaLubey :g9°6L4

(28°20°'91) 1cvOUM ¥ "0=U1Dr O0O0T=KWY SvecT=" S=W 430733~ MHISHWHDA

od m ow oa. oN n
[AEREEEESESEEEEEEERR RSN EENE NN RSN EAREEEEERERE SRR RN ENA A NS EENENNEEREEEEEENE NN EEN NN NNEENNEEE|

R e T PR TR PR TR

*00s0e

000°'0 = (0UY9) OIHd 0000 = 02 060°'€01 = 0OY apweg sLyI0Z
|

99



110.0

t t t
@ Q @
o o o
-~ — -~
!
12 1o
12 1o
2 b=
-~ —
e o
Y
/ // .
s N
\\.,\ \.\\ /.f.r./ ./
....\ g \. \\.l//x N o
4 i
P LY Y Ay
} ' ...\. L .“//. X ../ }
o 0 7 m\ \ Q
3 . Fiii .
g g a8 S
v\ T

(0]

\, Y
/. //l[..\\ \\\.\\
Jp //. rd
l‘l \-\\
S 5
Nt el

Fig.69: Cross sections of magnetic surfaces.

WAD428A, N = 10 (Table III).
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Cross sections of magnetic surfaces.

WAD454, N = 5 (Table III).
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Fig.

= 10 (Table III).
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Fig.76: Cross sections of magnetic surfaces.

ATF-1, N = 12 (Table III).
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Heliotron-E, N = 19 (Table III).
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Fig.81: Cross sections of magnetic surfaces.

W VII-AS, N = 5 (Table III).
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