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Abstract

- The perturbation due to the introduction of a bundlc divertor into a tokamak system may induce er-
godicity of the magnetic flux surfaces, enhance the diffusion loss of the thermal particles, and enhance the loss -
of cnergetic particles. It is shown here that these confinement characteristics can be optimized by carcfully
shaping the divertor coil configurations which meet the constraints for reactors. The toroidal vacuum field
ripple and divertor current are minimized for various configurations to produce the same size of plasma. The
magnetic flux surfaces are then calculated by combinihg the vacuum toroidal field with the axisymmetric MHD
equilibrium flux surfaces. Most of these surfaces exhibit magnetic island structures, but are not ergodic. A large
number of test particles are launched on a given flux surface with a pitch angle and energy distribution of an
isotropic Maxwellian. The particle orbits are followed by using guiding center equations accurate to sccond
order in u. Collisional effects are included through encrgy scattering, pitch angle scattering, and drag terms
dcpendent on the background density and temperature. The energy containment of alpha and beam particles

and thermal conductivity for both divertor and non-divertor cases are calculated and compared.




1. Introduction

Since the invention of the bundle divertor and the successful experiments on DITE [1,2], there has been
interest in its application for reactors. The advantages and drawbacks have been discussed in many reactor
feasibility studies [3,4,5,6}. The detailed cbnﬁnemcnt characteristics of a perturbed toroidal plasma in a tokamak
with a bundle divertor have not been fully understood. Neither has an optimum divertor system been obtained

which will meet the constraints of a power producing reactor.

The principle advantage of a bundle divertor is in its replaceability and potential for external particle and.
thermal power handling system. Because it is a local appendage, a specific design is possible such that the
divertor can be decoupled from the remainder of the tokamak system. However, the axisymmetric property will
be destroyed by the bundle divertor. The perturbation on the toroidal magnetic field, called the ficld ripple,
may cause ergodicity in the magnetic flux surfaces. The banana orbiting particles may drift out due to the
scattering by the ripple at the banana tip [7}. The containment of alpha particles and beam is a serious concern;
thus, the ripple should be kept as small as possible. The bundle divertor creates a separatrix with its stronvg
toroidal field; thus, the current required in the divertor coil is very large. The restraining of the large magnetic
forces and torques is a difficult task. The need for keeping low ripple for confinement places a premium on
reducing the siie of the divertor coils. This, in turn, places a premium on reducing the thickness of neutron
shiclding space. The combined é'ffect results in a very high current density and insufficient shielding. The high
current density and magnetic stress make the use of superconductors difficult, and power consumption would

be extremely high if a normal conductor were used to make the bundle divertor feasible for reactors.

In the next sections we sec that the effect of the bundle divertor on the particle and energy confinements
can be minimized by carefully shaping the divertor coil configuration so it will also mect the cngineering

constraints,

The most difficult engincering constraints are the current density in the conductor and shiclding require-
ment. From practical experience 3 to 4 kA/cm? of current density is considered to be acceptable f‘or.both
normal conductor and superconductor. The neutron shiclding design study has shown that for a composite
shiclding material of tungsten and borated- water of 60cm thickness, the life time can be from 1 to 100 MW-
yr/m? for insulation materials tested in the dose limit of 107 to 10 Grays [8]. Therefore, the current density of
3.5 kA/cm? and shiclding space of 60 cm are used as the maximum and minimum constraints throughout this
paper.

In general thci ripple is a good indication of whether a specific cohﬁgurution is aéccpmblc. It is found here

that the ripple can be drastically reduced by carcfully shaping and arranging the coils. "The zero ripple point
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can be placed near the center of the torus. Positive ripple can be produced in the inner side of the plasma

torus where its effect is less important. Many configurations are compared under the same constraints. It is

found that a staged T-shaped divertor configuration will give the least ripple, the best confinement, the least
current, and smallest physical size. Therefore, it is considered to be the best configuration and is named a
cascade bundle divertor. The detailed confinement characteristics of such a divertor are studied and discussed in
Scction 3. The enginecring implications are discussed in Section 4. Specifically the whole divertor assembly is
very compact and can be installed and removed as a plug-in unit. The coil can be superconducting so that the

power loss is negligible.

To' study the confinement the computation methods are as follows: The MHD equilibrium flux surfaces

are obtained for a typical reactor plasma such as INTOR [9]. The flux surfaces are retraced by superimposing

the axisymmetric equilibrium surfaces with the divertor coils. Prominent magnetic island structures were ob- -

served for the cascade divertor. The thermal particles, alpha particles, and beam particles are launched on the
flux surfaces. Their orbits are tracked by using the guiding center equation to the second order of the magnetic
moment . The thermal conductivity x and power containment of alpha and beam particles are computed for

both divertor and no-divertor cases.

2. Magnetics

The first DITE type bundle divertor consists of two solenoids of constant radius {1}. The ripple on the axis
of the plasmz{ is as high as 3% . The energetic particles will walk out due to the scattering at the banana tip [71
or drift out if trapped inside the ripple. The ripple will also enhance the diffusion loss {10]. Al these losses will
be proportional to the number of particles trapped in the ripple, which is in turn proportional to /€, where ¢
is the ripple amplitude. Therefore, the first task is to reduce the ripple. Another serious direct loss is due to the
crgodicify of the magnetic surfaces. The second task is thus to make certain that the magnetic surfaces will not
become ergodic when the bundle divertor is added to the system. The third task is to check the confinement of

the plasma, energetic alphas and beam particles.

Many coil configurations have been proposed to reduce the ripple or to reduce the current density. Ten
different configurations have been studied and are illustrated by picture (a) in Figs. 1 through 10. Picture (b) in
these figures are the toroidal flux configurations on the cquatorial plane. There is no auxiliary field correction
coil. All these divertors can be constructed as a single unit and will be called simplc divertors, Further improve-
ment with the use of many auxiliary coils is not the subject of this paper. FFigure 1 shows the straight solenoidal

coils as of original DI'TE design. "The radius of the solenoids in Fig. 2 is expanding; thus. the current density can




be reduced by distributing the turns over Lirger area [5]. F iguré 3 is the "X" shaped solenoidal coils, which was
proposed by Dory to reduce the ripple [6]. As in a tokamak, the magnetic ficld drops to zero at large distance
from the "X" coils. Shown in figure 4 are the rectangular shaped coils. Figure S shows the coils which are bent
into "T" .shapc to reduce both ripple and current [10}. The horizontal clements will increase the ficld intensity
locally; thus, the current and ripple can be both reduced. Figure 6 is a double "T" shaped divertor. Figures 7

and 8 show the effect of different arrangements of "T" coils.

Let us first compare the ripple produced on the axis from thcse coil configurations. The results of these
configurations are summarized in Table 1. Configurations 1 and 2 arc large size coils. The divertor coils of
conﬁgufations 3 through 9 are all of same size such that they all are removable as a single unit. Toroidal ripple is

defined as

¢ = Bpeak =B (1)

IBpeak + Bl
calculated along a field line originated from the centerlinc of the divertor where B, is the field at the center line
of the divertor. On the inner side of the plasma the ficld intensity is actually increased for some configurations.
Therefore, € can be positive or negative. The ripple on axis for all these configurations is plotted in Fig. 9. The
simple straight solenoids have the worst ripple. The "X" shaped and two reversed "T" coils arc in the middle.
The "T" shaped arrangements give the lowest ripple. The ripples for the "T" shaped coils are even negative at

the radii less than 4.8 m. The ripples for the multiple "T" coils for various sizes all fall in the shaded region.

The current, current density, and ripple on axis, R = 5.4 m, are listed in Table 1. The current densities
arc calculated for the largest coil having a cross-section of 50 cm X 50 cm. For all the configurations other
than "1™ shaped coils, the current requircments are very large and the current densities are not practical for
engineering consideration. To reduce current density the coil radius or width has to be increased. This makes

the coil maintenance difficult.

(131

By examining-thc flux configurations for the "X" and reversed "T" coils, it is secn that the fluxes are very
tight at the divertor region. Varying the openings of thie outer legs of the "T" gives very little improvement. The
magnetic ficld intensity in this rcgion is higher than 10 T. Therefore, further expansion by reducing the field
would rcquiré huge current. The double "T™ shaped coils give the best expansion, lowest ripple, and smallest
current density. Therefore, the "X" and reversed "T" coil configurations can be climinated from a practical
standpoint. The crgodicity of the magnetic surfaces for solenoidal coils with constant radius, expanding radius,

~and "T" shaped coils were studied and are now discussed.

To compute the flux surfaces the axisymmetric MHID cquilibrium surfaces are supcrimposed with the
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perturbed toroidal field. The poloidal flux surfaces are compﬁted by using the Pesc code [13] and are shown
in Fig. 10. The plasma parameters are R, = 5.4 m,a = 1.6 m, § = 6%, ¢ = 2.8, , = 7.8MA and
B, = 5.3T, which are typical of a power reactor. This was chosen for the purpose of illustrating the engineering
fcasibilify in Section 4. Some care is needed to select the poloidal flux configuration for a high § noncircular
plasma. For a noncircular high 8 plasma the flux surfaces are closer together in the area beyond the magnetic
axis. The poloidal separatrix is very close to the plasma surface even if it is defined by a limiter or toroidal
separatrix. As shown in Fig. 10, the poloidal separatrix is more than 20 cm away, larger than the scrape-off layer,
otherwise the poloidal divertor would be competing with the limiter or bundle divertor. On the inner side of.
the plasma the flux surfaces are less dense and the wall has to be at least 30 cm away; otherwise, the inner wall
will become the ecffective limiter. These are common problems for both bundle divertor and mechanical limiter

methods.

The flux surfaces computed at ¢ = 0° and 180° for the configurations 1, 2, S, 6 and multiple T-coils are
shown in Figs. 11, 12, 13, 14 and 15. The fluxes for straight solenoids and single T coils are ergodic. The flux
surfaces for solenoids with expanding radius, double T and triple T are nonergodic. On the ¢ = 0° plane, mid-
plane of the divertor, the toroidal field is weak; thus, the shear is large. The ﬁeld lines are moving faster in the
poloidal dircction; thus, the line density is reduced. Four magnetic surfaces are computed and displaced in Fig.
15 for stacked three T coils. The surface close to the center happens to be at ¢ = 1; therefore, no surface is

traced even after a hundred turns along the torus have been followed. All the surfaces exhibit island structures.
The islands on the surface next to the boundary are large. Therefore, further improvement is needed to reduce

the island size.

3. Confinement Characteristics

In the previous section we have determined that the cascade "T" bundle divertor is the optimum
configuration. It is not detrimental to the gross confincment since the fiux surfaces are nonergodic. In this
section we would like to test the microscopic confincment characteristics by following the guiding center orbit

of the test particles and study the cffect of the ripple on particle diffusion.

Let us first examine the ripple diffusion cocfficients. The enhancement of diffusion coefficients due to the
toroidal ripple has been discussed by many authors [12,14,15]. The toroidal ripple has mode number N (equal
to the number of divertors) and the ripple can be represented by sinusoidal function of ¢. The divertor ripple
- is 100% at the separatrix. However, the ripple is localized and its magnitude decreases exponentially. Only one

divertor is being considered presently. The effect on the diffusion coeflicients due to these two types of divertors
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is different. To illustrate this difference the ripple plateau particle diffusion coefficient and thermal conductivity

are rederived.

The toroidal field due to the presence of toroidal ripple & and divertor ripple 6; can be written as

A — — 2

B = B,(¢)(1 + 2esin 22€ + 6 sin Ng + 63 exp

For trapped particles uB, =~ mw?/2 and in ordinary r, 4, ¢ toroidal coordinates, the radial ripple drift is

(@ —/N) 4, oxp == 7r/N)2] @)

= 2 -
(vr)r = R Nﬁt[cos(NqS) - 5 o

with pg = v(mc/eBy)~! and for § > 0 . Following the procedure given in Ref. 12 the ripple diffusion

coeflicient for § > 0 can be written as

T 12 v, B |
D=(—2-) N?<§? > ;;’R b¢[1+———-<6 >/ <6?> ] (4)

for nearly circular flux surfaces, where < 62 > is the averaged value over the flux surface. The thermal

conductivity can be written as

' 1/2
K__E(_) nN? < 62 > 2 2 B[l-{-

5\ 3 ® T 2q<<s,’;’,>/<53>]. (5)

27N*

At the boundary 5;};,13 < 5?, > /< 6% > is approximately 2. That is, the difﬁision due to divertor ripple is
cnhanced by a factor of 2.

The thermal conductivity is also computed numerically using a Monte Carlo guiding center particle orbit

code [16). The guiding center cquations, which are accurate to the second order, are

V= -?n;(E— < 4> Boc) + 0(&) (6)
n=§8x[< > 9B + V- Ub| + 0(e) ™)

and
‘%’l = —SEZ5 vB 4o ®)




Particle conservation for these equations of motion is confirmed by the drift kinetic equation V - Vf = 0 [12].

The particle pushing algorithm is now bricfly described.

A two dimensional spline interpolation is used to compute B and its gradient from the MHD equilibrium
flux configurations, and is superimposed by the field and gradient computed from divertor coil geometry. The
guiding: cénter is launched along its initial velocity direction, kecping toroidal and radial velocity constant.
The energy conservation is incorporated in the pushing algorithm dircctly because guiding center equaﬁons
conserve energy to at least two orders. As a particle approaches a refiection point, i.e., when |V} < |V _Ll, the
predictor point of the pushing algorithm is found by following the local B field line to the next ¢-plane. This

results in a more accurate average of the particle’s motion between the two ¢-planes.

In computing the MHD equilibrium flux surfaces the toroidal field profile used is [13]

. 'P — ¢o )a
= B,R,|1 —
Bt ORO[ gp ('ﬂbL . ¢° } y (9)
and the pressure profile used is
¢ - 1/)0 ? ’
P=P| —-—1}, 10
(wL - wo) ( )

where 1, and 1, are fluxcs at the magnetic axis and limiter, respectively. P, is the peak pressure and @, 8 and

gp are constants. To obtain temperature and density profiles we write

P = no(¢)To(¢)

¢ _ ¢o B, 1/) - ¢o
= n,T, n pr 11
TG —w) Gy (1)
with 8, -+ Br = . To study the interaction of the alpha particle with background plasma we use the electron
drag on alphas {16}
AU _ g2g2nem(In A)[l — 2U,/3k5T.) (12)
dt : 3/2
[1 + gf/—?(;,’{'ji—"t) ]27r<»;:‘;r_nc,\/27rrnck3Te
with
213/2
A 127{ekpT,/€) . (13)
Ve

‘The ion-alpha pitch angle diffusion is calculated from [16]




<(Av, 2> nZ2%*In Al v, Va
At T 27e2m2y, I(;t;) - G(v—u: (14)

where ¢(X) — G(X) =~ 1 for X 3> 1. The ion-alpha drag is (16]

<AV > —nZ37%'InA Mg Y ' ‘
— 1< 1% a = \G Ja 5
At 2medmod,; (1 + m,-) (vth,-) (13)

where G(X) = 5ty for X > 1.

After the particle has been pushed from one ¢-plane grid to another in time At, the energy given to the.

electron and DT ions is calculated from the equations

dvu,
Q. = —At'&ﬂelectron drag (16)
Qi = AtU,/(.3857553) 0

Q. and Q; are then subtracteg from the particles kinetic energy, while keeping the velocity space direction
fixed. The particle’s value for u is recomputed. Typically several hundred test particles simulating a maxwel-
lian distribution are l_aunched and tracked for hundreds of milliscconds. The particles launched outside the
ripple are well confined. The orbits of the particles launched inside the ripple are of particular interest. Some

representative cases are now discussed.

~ Three 3.5 MeV alpha particle orbits are shown in Figs. 17, 18 and 19. The coordinate system for the
guiding center orbit (x,y,z) corresponds to the ordinary toroidal coordinate system (r,z, ¢). From top to bottom
on the left column are the Y coordinates of the particle, toroidal angle ¢, energy and poloidal flux as functions
of time. "The first and sccond pictures on the right column are the projections of the orbits 6n the midplane
of the divertor and on the cquatorial pl:.mc of the tokamak respectively. The third and fourth pictures are the
cos § = vy /v and X position of the guiding center as functions of time respectively. They are typically circulat-
ing particles, banana particles and drifting particles. The first two types of orbits show the periodic variation of
z, y, ¢, phase angle € and flux 4 . The variation of £ and ¢ and the orbit show a blip when the particle passes
through the midplane of the divertor. These are well behaved orbits. The third orbit is clearly drifting out of the
pldsma. The phase angle is oscillating much more rapidly for the trapped particle as compared to the banana
and circulating particles. Collision and clectron drag h:wc very little eifect on the a-particle orbit in such a short

time: therefore, the drifting particle will be lost.




Figures 21, 22, 23 and 24 show the typical orbits of 10 keV thermai particles. It is particularly interesting to
note that the orbit in Fig. 20 is detrapped from the ripple after a short time by observing that €, Y, ¢ changing
from short period into long period oscillation. The particle shown in Fig. 21 will eventually drift toward the
outside of the plasma. However, this particle will be detrapped due to collision as shown in Fig. 22. As can
be seen from the variation of ¢ it changes from trapped into banana, then into circulating. The detrapping
effect due to collisions is further demonstrated by Fig. 23 where the trapped orbit becomes a banana orbit in a
short time. From the limited number of particles analyzed the majority of the circulating andl’ banana particles
do not become trapped due to scattering whereas the effect is opposite for the trapped particles. The particle
launched at the plasma edge escaped to the divertor as shown by Fig. 24. The results are not conclusive because
only a limited number of test particles are sampled. Due to lengthy computational time involved, the diffusion

coefficients study is still in progress.

The preliminary results indicate that the thermal conductivity and particle loss can be reduced by moving
the divertor away from the plasma. One important finding is that the toroidal separatrix should be 5 cm away
from the plasma boundary due to the finite width of magnetic islands on the surface. Otherwise, the particle
loss and thermal conductivity would be very large. The computed thermal conductivity is & = 1.07 4= 0.12 by

1auriching 180 patticles on the flux surface in the middle of the plasma.

4, Fngincering Implications (Feasibility)

As is discussed in the introduction, the most attractive feature of a bundle divertor is its maintainability
and the possibility for cxternal cleaning. However, the higﬁ current density, large forces, and lack of shielding
spaces make the bundle divertor engineering difficult. This section will examine the answer to these problems
for the configurations studied. Let us specify the criteria for a feasible divertor. In order to keep the power
consumption low the divertor coil has to be superconducting. The reasonable average current density for a
stable superconducting coil at 10 T maximum ficld should be less than 5 k Amp/cm? [5]. A commercial Nb3

" Sn cable which can carry 3.5 k Amp/cm? is available. Therefore this value is chosen as the current density
criterion. In order to protect the insulation material and the superconductor a 60 cm shield of Tungsten and
borated water composite is chosen which will give a life time of § years [8]. Thce forces are not the worst
problems. A 100 MN force can be properly handled [S]. However, it should be kept as low as possible. The
force is reduced when the current and coil size are reduced and the divertor coils are situated in the weaker

toroidal ficld region. The last criterion allows casy maintenance by means of a plug-in unit.




From Table 1 one will notice that the current densities for configurations 1 and 2 are quite reasonable.
However the size is too large and it is blocked by TF coils. The force would be as large as 100 MN and the
maintenance procedure is very difficult, although not impossible. The current density for configurations 3, 4 and
5 are much too high. The configurations 5, 6 and 7 are ruled out because of poor confinement or impracticality.
The current density for configurations 8 and 9 is less than 3.5 k amp/cm?. The sizes are smaller than the space
between the TF coils. The outward translational force is much smaller which is about 20 MN. There is 60 cm
of shielding space in front of the coils facing the plasma. Therefore these configurations satisfy the engincering
criteria as well as giving good confinement. The divertor coil height has been varied from 1.4 m to 2.2 m and
the distances from the plasma have been varied from 1.0 m to 1.2 m. The flux surfaces for these cases are
all nonergodic and ripple is reasonable. Therefore 2.2 m height is chosen to accomodate a 60 cm shiclding
space, and a hole of 50 cm for plasma exhaust. The current increases from 8.75 to 12.3 and 13.55 MA-T when

the distance increases from 1.0 m to 1.1 m and 1.2 m. However, the current density can be kept constant by

increasing the conductor cross-scction proportionally. There is more room for shielding even if the conductor

cross-section is increased due to larger current at large distance. This demonstrates that a range of designs can
be obtained. The choice is a matter of trade-off. A detailed three dimensional neutronic study is currently in

progress to determine the adequate shiclding space.

The engineering concept of a cascade bundle divertor and a monolithic bundle divertor assembly are
shown by Figs_. 25 and 26. The divertor asscmbly is a single unit construction. The forces are transmitted to
TF coils through the two horizontal bars and heat stations which are specially designed to minimize the heat
leakage and disconnection time. The bars are keved to the divertor casing and attached to the heat station
by a cyli'ndrical bearing. The divertor assembly can be freed and extracted simply by lifting up and dropping
down the bars. In a scparate study the divertor coil can be constructed from cryogenic normal coils (copper
or aluminum) and cooled by helium gas at 20-40 K. The dominant power requirement is refrigeration, which
is about 20 to 50 MW. The usc of normal coil requires slightly highér power consumption but allows easier

fabrication. Therefore, both superconducting coil and cryogenic normal coils are feasible.

5. Conclusion

It has been shown in this paper that the gross particle confinement can be greatly improved by optimizing

the bundle divertor confinement. A wide range of configurations exists which docs not cause ergodicity on the .

flux surfaces in the plasma, although magnetic islands are created by the ripple. Therefore, there is no direct

loss. ‘The reduction of ripple on axis is about onc order of magnitude. A very important finding is that the
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equilibrium configuration has strong influence on the effectiveness of the divertor, especially for the high 8
where the poloidal separatrix has to be carefully located outside the scrape-off layer. It is also found that the

cascade T-shaped divertor canbe designed such that the key enginecring constraints can be met.

The magnetic surface tracing and particle tracking are not exact because the field is a superimposition of
the axisymmetric MHD equilibrium flux with the divertor ﬁeldt Future investigations might use the results of
a three dimensional equilibrium calculation. Also, further improvement in confinement can be done by using
high order auxiliary coils. An extensive computational study is needed to determine the effect of the divertor
by tracking particles escaping from the plasma edge. Lastly, the particle transport in the divertor and 3 and ¢

dependences should be studied.
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Fig. 9: Divertor ripple on axis for the configurations
studied. The ripple for single "T" and cascade

are the lowest. They all fall within the shaded
region.
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Fig. 17: Circulating orbit for a 3.5 MeV a-particle
with cos ¥ = 0.5 launched at X = 6.25 M.
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Comparison of bundle divertor configurations and characteristic parameters.
The major radjus of the separatrix is R

TABLE 1

the separatrix and conductor is 1.0 m.

The distance between

The coil cross-section is

~— .
~—
~

50 cm X 50 cm.
KA Flux
Large Divertor Ip (MA-T) - Surface
cm Property
1. <77 )>> Solenoid  9.32, 4.66, 4.66 3.7 Not Traced
>
: -~ Conical ' .
2. . — : 8.65, 4.32, 4.32 3.5 Nonergodic
<\\\>}> Section islands
Small Divertor
3. <7 ))) Solenoid 17.5, 8.75, 8.75 7.0 Ergodic
. ~ L islands
//
4. _ -~ =<~ Rectangu- 13.4, 6.7, 6.7 5.4 Nonergodic
< .
: \\\2»_ lar
S~
—~~"Circular
5. <l,‘><: X-type | 13.35, 13.35 5.3 Not Traced
6. =" ” f, T-shape 9.84 3.9 Ergodic
": 7.9, 7.9 3.2 Not Traced
7. .- Reverse T 7.9, 7. . ot Trace
< TH |
8. _ —~" Double T 8.3 3.3 None;gogic
- ' : islands
< FH
9. ,,-—"'i’ Cascade T 8.75 3.5 Nonergodic
<’ H.}_ - islands




