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ABSTRACT

This report presents a preliminary bundle divertor conceptual design for installation on the

TEXTOR tokamak. An advanced cascade T-shaped coil configuration is used. This divertor design

has the following important characteristics: (1) the current density in the conductor is less than 6
kAmp/cm2. and the maximum field is less tr;an 6 Tesla; (2) the divertor can be operated at steady-
state either for copper or superconducting conductors; (3) the power consumption is about 7 MW
for a normal conductor; (4) the divertor can be inserted into the existing geometry of TEXTOR,;
(5) the ripple on axis is only 0.3% and the mirror ratio is 2-4; (6) the stagnation axis is concave
toward the plasma, therefore g, is smaller, the acceptance angle is larger, and the efficiency may

‘be better than the conventional circular coil design.
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Fig. 1. Simplified layout of TEXTOR vacuum vessel with

the implementation of an advanced bundle divertor.
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1. INTRODUCTION

The overall objectives of TEXTOR [1], as is stated in the Technical Data |, are to evaluate the

relative importance of the processes leading to the build-up of impurities in tokamaks and to the

damage of the first wall under different operating conditions, to search for appropriate first wall

materials, structures and temperatures that are optimized with respect to particle release and wall
material behavior, and to develop and test methods to control the boundary. To accomplish the
first objective a relatively controllable particle composite control mechanism is needed. TEXTOR
has given the bundle divertor considerable thought as has been reported in the Divertor Workshop
held at Culham Laboratory in England in 1977. There are provisions for two such divertors to be

installed.

An optimization study [2] has shown that the performance of the bundle divertor is favored in
a large device with a large aspect ratio among the existing tokamaks. TEXTOR is the best device
for demonstrating a bundle divertor as can be seen from-the following parameters:

TEXTOR PARAMETERS

Major radius R=17"m

Minor radius | a=05m

Toroidal field (on axis) ' Br=2T

Plasma current I, =480 kA at ¢ =3
Flux swing ' ' Ap>4 Vs

inner temperature Trnez == 600° C
Flat-top time , it =3 sec

High poloidal beta and long pulse (5-10 seconds) may require effective impurity control methods
of which none currently exist. The bundle divertor has proven at least 30% efficiency at less
favorable conditions, hence this option should be vigorously investigated and supported. The
simplified plane view of TEXTOR with the implementation of an advanced bundle divertor is shown
- in Fig. 1. Figures 2 and 3 show cioss sectional and trimetric views. There are two large poris

of 60 X 80 cm? each’oh the midplane of the vessel foa; housing the bundle divertor which are
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Fig. 2. Cross sectional view of the TEXTOR vacuum
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currently being used as beam dumps. With these ports used for the bundle divertor, the beam
dump could stili fit into the large space between the vacuum vessel and the divertor. The bundle
divertor shown here is a monolithic single unit construction which can be externally assembled End
then inserted into the existing space. The divertor coil can be of either copper or superconducting
condﬁctors. In the case of a copper conductor the coils can be operated at steady state with 7 .

MW of power consumption.

Design pararneters for three conventional circular coil bundie divertors have been obtained
and 'compared with the new advanced configuration. The advéntages of the new design are quite

evident as is discussed in Section 3. Discussion of experimental observations is given in Section

4. In the Appendix the assessment of bundle divertors for reactors is discussed in general terms.

2. TEXTOR BUNDLE DIVERTOR

The magnetic configuration of a referencé bundie divertor designed for TEXTOR is shown in
Fig. 4. The diverted magnetic flux design was expanded fo: reducing the thermal load on the
target and increasing the purﬁping efficiency. Expansion coils can be added on; removed whenever
nec‘essary. Coil parameters are listed in Table 1 and the divertor coil configuration is illustrated
by the trimetric views and projections in Fig. 5. The plane view and cross sectional view of this

divertor as if installed on TEXTOR are shown in Figs. 1 and 2.

The divertor coils are cascade Ttshaped."' The width is limited by the space between the two
adjacent TF coils, as the coils are designed to be inserted into the tokamakAor pulled out as a
single unit. As is discussed in the appendix, the cascade T-shaped coil configuration dramatically
reduces the ripple and current density in the conductor and makes the size compact. The magnetic
flux surfaces were found to be nonergodic and the particle confinement from the guiding center
orbit study was also improved. Such a divertor was found to be feasible for a reactor. It has
been shown that the divertor performs better on larger machines. This bundle divertor would not
only provide for a long pulse impurity control experiment on TEXTOR, but the results will also be

significant for reactors generally.




. Tablel

Magnetic and Thermal Design Parameters for TEXTOR

Bundle Divertor Reference Design

B,=20T '  Bmaz=60T
R, =175 cm. I; = 1.35 MA.T
a =50 cm | Jg = 4.5 kA/cm?

Normal Conductor Option for Steady State Operation

§Turns = 64

pin = 1.1 MPa ' Powt = 0.15 MPa
Tin=27 C | Tout = 57 C

w = 60 kg/s Teopper = 69 C
Vin =13 m/s - ‘Power= 6.5 MW

Conductor Configuration

e em —

1.3 cm
7‘!4—— _ﬁ i 0.1 cin ‘ )[—
l ‘I magnet’ 41
1.3 cm 0.4 cm 10 cm
i. } J/_
/. ;

epoxy f
coolant channel structure (2 mm layer)

single turn cross-section magnet cross-sectlon

Total area/turn = 1.44 cm? . Epoxy area/turn = 0.23 cm?

Conductor area/turn = 1.084 cm? Coolant area/turn = 0.126 cm?




FLUX LINES

Fig. 4. The magnetic configuration for a reference
TEXTOR bundle divertor. The diverted flux
bundle is expanded.
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In order to select an appropriate dimension and location of the divertor coils within the
constraints of the existing space, a variation study has been done. The current requirement in
each coil as a function of radial distance is plotted in Fig. 6. The current design point is shown

by a circle on the curve. The current and location may be readjusted as the design is refined.

The preliminary thermal characteristics are‘ listed in Table 1. The thermal analysis was done
using the same conductor as was used for the ISX-B bundle dnvertor The conductor configuration
is shown at the bottom of Table 1. The conductor of each turn has a cross section of 1.1 X 1.1
cm and the diameter of the cooling channel is 0.4 cm. There is a thickness of 1 mm 'insulation
material (fiberglass tape and G-10 epoxy). The ;otal number of turns is 384. The parameters listed

. are for steady state operation. The power consumption is less than 7 MW.

The engineering ‘concept of the divertor is; illustrated by the trimetric view éhown.in Fig. 3. The
coil containment structure can be a monolithic unit; hence there is only one mechanical vacuum
seal, as indicated by dashed lines on the front face, which will be bolted to the flange of the
vessel. The passage for the diverted flux and plasmavma;/ be machined into the divertor housing.
The tob, bottom, side and back panels are all removable so that windings can slide into place and
be available for improvement or repair. The divertor assembly is attached to the TF coils by two
horizontal bars on the top and bottom. The bars are keyed to the divertor casing and attached to
the TF» coil structure by a cylindrical bearing. The net magnetic forces are tran;mitted.to the TF
coils; therefore the force balance for axisym_metric system is restored. This design will minimize

the installation and disconnection time. The divertor assembly can be freed and extracted simply

by lifting up and dropping down the holding bars.

3. COMPARISON OF THE CASCADE T-SHAPED AND CONVENTIONAL CIRCULAR DIVERTORS

For comparison purposes, three different magnetic divertor configurations for TEXTOR using a
DITE MK-type [3,4] divertor have been calculated. The MK-type divertor has planar circular coils.
The divertor performance and coil éurrent are very sensitive to the size (radixjs of the circular
“coils) and angle a as shown in Fig. 7. The cross section of the coil is also shown in this ‘figure.

Comparative coil parameters, current, current densities, and ripple on axis are given in Table 2.

11




Table 2

Comparison of Advanced Bundie Diveriors with MK-type
Bundle Divertor of Three Different Sizes

Divertor X Width a | i Ripple
Type cm " cm deg MA-T °  amp/cm? %
" MK 235 42.5 45° 1.’0_4 8.32 58
v 240 425 = 45° 1.65 13.2 87
240 40 60° - 1.35 12.0 43
Advanced ;
240 30 T-shaped 1.32 4.4 3
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The relative position of the divertor is given by X located on the front surface. The size is .
given by the width of the front opening. The current requirement for the ad'vanced type divertor
at the corresponding location W is given in tﬁe last column>of Table 2. (The basecline divertor
center is located further away at 245 cm.) Figure 8 compares ‘the ripple MK-type and the advanced |
divertor.

All DITE MK-type divertors have to be placed very close to the plasma and have a larger size.
The current density is at least twice as large as the case of the advanced type. The resistive
heat for the MK-type is judged to be too large for long pulse operation. All the MK-type coils
would interfere with the TF coils and the installation and service would be difficult. Due to space
.constraints the size of the MK-type divertor has to be reduced when it is moved away from the
plasma, whereas for thé advanced type the size can be fixed for various radial bOsitions.

The advantages of the advanced type TEXTOR bundie divertor may now be summarized as
follows:

(1) The current density is low enough‘to permit steady operation at reasonable power consumption.

(2) The ripple is low and flux surfaces are not ergodic. Thus the effect of the divertor on the

confinement would be ‘much less.

{(3) The null trace is straight vertically or concave toward the plasma and conforms better to the

shape of the scrape-off layer; the diversion frequency, ¢p, is thus smallér.

(4) The successful experiment and data would be reactor significant.

4. ASSESSMENT OF DIVERTOR EXPERIMENTAL RESULTS

~ The sole experimental resujts available are from DITE. The data was taken with MK1A and
MK1B divertors [3,4]. MK1B was a rebuilt version of MK1A. There are discrepancies in the resdlts
of the two experiments which will be explained .later. However, some general conclusions may be
given:

(1) The separatrix acts as a limitcr whiéh determines the plasma currenf and density.

(2) The particle exhaust efficiency is at least 30%. The efficiency will increase with density.

15




©)
(4)

The parallel flow velocity is 0.4 times the speed of sound.

The impurity shielding efficiency is 35% and increases with density. The overall impurity

reduction is typically 30% and higher for high 2z materials. There is a factor of 10 reduction

in the X-ray anomaly factor on axis.

The bundle divertor has no adverse effect on the ion confinement from neutral beam injection. '

The overall energy and particle confinement time was reduced by 30% when the plasma was

~ operated at a safety factor less than 2 due to sawtooth instability.

To compare the MK1A and MK1B 'divertblj experiments their parameters and characteristic

conditons are given in Table 3. A summary of experimental results is given in Table 4. The electron

~ temperature profile is shown in Fig. 9. The MK1A divertor was, under some circumstances, more

efficient than MK1B. The explanation offered in Ref. 4 was that it was probably due to a higher

proportion of supra-thermal electrons, and the presence of gross instabilities. In addition there are

probably the following factors acting: : .

(1

()

<)

.q'D for MK1B is 7.4 and is larger than that of MK1A which is 6.5. In the meantime, the

scrape-off layer is smaller due to the fact that the minnr radius a, is larger but the limiter
radius is smaller. The combined effect will be larger cross field diffusion loss and higher
radiation because it will take a longer time to divert ‘the plasma into the divertor and less

time to reach.the limiter.

The MK1B was running at higher current, hence the vertical component of the magnetic field
would be larger. The vertical excursion of the diverted field lines would be larger; thus some

plasma might have struck the chamber wall before reaching the target.

A titanium coated vesse! first wall and titanium limiter were used with the MK1B experiment
instead of stainless vessel first wall surface and molybdenum limiters for MK1A. Titanium
is an excellent gettering material with very high saturation dose. All the neutrals (both fast
and slow) will be pumped by the large surface of the first wall which is more effective than
bundle diverior because it encloses the plasma. This may explain why only 10% of aluminum
impurity reached the hot plasma when the.diye.rtor was off, The combined impurity shielding

efficiency may be only slightly better than 90% when the divertor was turned ¢n, as one

16




Parameters and Characteristic Conditions

Table 3

Usual vacuum vessel wall
condition

Plasma current Ip(kA)

Line of sight average
density EeL (m~3)

Central electron temperature
Te(o0) (eV)

stainless steel

45

6 x 1018

300

stainless steel
covered by
titaniunm

55 -

1.2 x 1019

450

Divertor MkIA MkIB
Toroidal Field B¢ T) 0.9 0.96 1.44
Major radius Rp(m) 1.17 1.17 1.17
Limiter material . molybdenum titanium titanium
Limiter minor radius aL(m) 0.27 0.26 0.26
Separatrix minor radius a_- :

(m) 0.16 0.175 0.175
Mirror ratio M 4 3.6 3.6
Mean number of field line

transits around torus per

transit of divertor, ED 6.5 7.4 7.4
Usual working gas hydrogen deuterium deuteriun

stainless steel
covered by "y
titaniun

85

2 x 1018

550

17




A Summary

Table 4

of Experimental Results

Parometer MkIA MkIB
density, & 5 (a”3) ~ 7 x 1018 (6-8) x 1018 | 1.2 x 1019
particle exhaust: the fraction |0.3 {10] 0.15 -« 0.3
of the particle flux into the ’
separatrix reaching the
divertor
energy exhaust: the fraction 0.8 [s,7,8,10] 0.15 0.15
of the conducted and con-
vected power reaching the
divertor
impurity screening: the
fraction of incoming impurity
flux reaching the divertor :
. low Z: 1 0.5 [8,10] - 0.25 0.35
high %: |0.75 to 0.8 {8,10] 0.25 0.35
impurity line radiation from
r < as, divertor on/divertor .
oft low 2Z: [ 0.2 to 0.7 [6,7,12]) 0.7 to 1.0 .7 to 1.0
kigh Z: | 0.02 to 0.3 [6,7,8] 10.7
radiated power, divertor on/ 0.13 to 0.5 [5,7,8,12] 0.7 to 1.0 0.7 to 1.0
divertor off
zeff, divertor on/divertor off 0.75 to 1.0 [5,6,7,8,10] 0.85 to 1.0

18
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would expect.

(4) The low shielding efficiency for neon might be explained as follows. The observed neon
ion states N.VIII occur in the region where T, > 100 eV. In the scrape-off layer T, < 50
eV; therefore, the neon ionization rate is very low and the divertor would have very little
effect. The gettering efficiency of neon titanium is near zero and neutral neon is likely to -
diffuse into the hot plasma. Theréfore, to ensure the determination of true values of divertor
effiéiencies, testing of the bundle divertor would be made of no'ngettefed first wall materials,

~ higher density a_nd higher temperature ang:l/or injecting the impurities whose ion states would

occur in low T, in the scrape-off region.

5. SUMMARY

A preliminary design for an advanced type bundle divertor for TEXTOR has been designed.
The divertor can be operated at steady state for a norrgal copper conductor. The efficiency is
expected to be t;etter than conventional planar circular coil divertors.

The experimental results from DITE prove that the overall efficiency for conventioné| divertors
is at least 30% , which is already sufficient for reactors. The divertor was tested in an unfavorable
condition, such as a small device, low field, low dénsity and low temperature. The discrepancy
between MK1A and MK1B may be due to the gettering wall material (titanium) and others used in
the latter. |

Since TEXTOR is a signiﬁcantly' large and high 8 tokamak, the divertor should be carefully
designéd and optimized in order to achieve the best results for particle control, and to provide

significant information for reactors.
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APPENDIX A

Bundle Divertor Assessment for a Reactor

A.1 ADVANTAGES

The bundle divertor has the following engineering advantages [S]:

1. The bundle divertor is a local appendix to the tokamak system; therefore, a major advantage
is in it's modular replaceability and easy maintenance. Like the cascade divertor p'rbposed

for TEXTOR, it can be decoupled from the remainder of the tokamak system.

-2. The bundle divertor 'chamber can be isolated from the main plasma chamber to a much
greater extent tha;n the poloidal divertor chamber. In some designs the target chamber is
located completely outside the TF coils and the entire divertor can be replaced as a module.
Consequently there is easier access for pumping 'perts and for replacement of the divertor
plate. It should be possible to operate a bundle divertor with a higher density cooler plasma
in ihe divertor chamber for a closer approximation to a gas target, since the throat in a
bundle divertor can be longer and have a smaller cross sectional area than the throat in a
poloidal divertor. The streaming jet action of thg plasma shouild maintain a larger pressure

gradient along the throat.

3. Substantial reductions may be achieved in the size of both the toroidal and poloidal field coil
sets. With the space saved by eliminating the poloidal divertor, the height of the TF coils
could be reduced to an inner bore of between 7 and 8 méters, reducing both coil material
aﬁd stored magnetic energy. Since the poloidal field coils could then be placed closer to the
plasma. While remaining autside the TF coil set, they would rgquire less current for plasma
shaping and therefore exert less out of plane force on the TF coils. The shape of the TF

coils need not conform to the "constant tension" D shape.

4. The bundle divertor separatrix is fixed relative to the first wall and the divertor coils can be
operated in steady state. The outer wall is therefore protected during start up, shut down,

and disruptions. By way of contrast, the separatrix of a poloidal divertor with distant poloidal
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field coils is sensitive to the distribution of plasma currents as well as fluctuations in coil

currents and may be very hard to control.

A2 A FEASIBLE BUNDLE DIVERTOR MODEL FOR POWER REACTORS

The first divertor DITE MK1A requ»ired very high current density, thus high power consumption
and force.s,‘ which were considered to be unsolved problems. Thé fJITE divertor was the first of
a kind for testing the pri_nciple and henpe was not an optimum design. It was demonstrated at
Westinghouse that .these problems could be solved with minor modification and a design of an
integrated system has been given in detail. It was further proved that a simple multiple cascaqe T-
shaped coil arrangement could reduce the ripple and current density drastically [2], thus improving
the confinement and increasing available shielding spéce. A schematic picture of the cascade T-
shaped divertor coil configuration and a diagram of the magnetic configuration produced by two
T-shaped coils are shown in Fig. A.1. The improvement of ripple is shown in Fig. A.2. The ripple
for the T-shaped coils lies within the shaded a~rea. The magnetic flux surface is shown in Fig. A.3.

The magnetic surfaces exhibit magnetic islands but are not .rgodic for multiple T coils.

The INTOR TF coil system with 12 TF coils was used as a baseline for thig calculation. The
divértor fits between the gaps of two adjacent TF coils. Thé key reactor parameters are listed in
Table A.1. The trace of null points for the DITE divertor is concavé toward the divertor whereas
it is a straight line or even concave toward the plasma for this new cascade T-shaped divertor.
Therefore, the acceptance angle is larger than previous designs. It is estimated to be about 18°.
The thermal conductivity for a number of cases were calculated by a Monte 'Carlo particle orbit
code. Some particles launched in the ripple will be detrapped by drifting upward out of the region,
and some will be detrapped due to.collision. Typical detrapping effects are illustrated by the
variation of the bhase angles (€ = v;/v) as a function of time in Fig. A.4. The phase angle
oscillates rapidly when the particle is trapped inside the ripple. The period of oscillation of the

- phase angle is much larger for circulating and banana orbits. Figure A.4 shows particles launched
in the ripple that are detrapped (a) without collision; and (b) due to collision. Many trappings and

detrappings occur along the particle orbit, thereby justifying the diffusive model of transport. The
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thermal conductivity for the divertor at three different locations is shown in Fig. A.5. Preliminary
estimates are that thermal conductivity is enhanced by about a factor of 25 over axisymmetric
neoclassical conductivity. |

One and two dimensional heutronic calculations have been carried out. The best shielding
material found was a composite of tungsten and borated water (90% W + 10% H, O (B)). The
neutron flux attenuation rate as a function of thickness is shown in Fig. A.6. There are more than
four decades of attenuation for a thickness of 60 cm of shie‘ldiné s;')ace. The life time for a wall
loading of 1 MW yr/m? would be 100 years for an optimistic dose limit of 10° Grays for an organic
insulation or G-10, and ét least 1 year for a conservative dose limit of 107 Grays.

The trimetric view of .the divertor assembly is shown in Fig. 7. There is enough space in
front of the central I.eg for blanket and shieiding. Therefore, a part of the neutron energy can
be recovered. A monolithic divertor assembly construction is shown in Fig. 8. The forces are
transmitted to the 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 keyed to the divertor
casing énd attgched to the heat statidn by cylindrical bearings. The divertor assembly can be freed
and extracted simply by lifting up and dropping down the bars.

The characteristics of this advanced bundle divertor can be summarized as follows:

1. The ripple has been reduced to extremely low levels without sacrificing engineering require-
ments.

2. The particle confinement is improved and the magnetic surfaces are not ergodic.

3. The overall current density of the divertor coil is less than 4 kAmp/cm?. The coil can be
sUperconducting and the power requirement is minimal. |

4. There is at least 60 cm of shielding space in front of the di\{enor. This gives four decades
“of attenuation of neutron dosage.

5. The monolithic divertor assembly d‘es,ign modular unit can be easily extracted for service or

replacement with another module.
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Table A1

Key Parameters for a Reactor with a Bundle Divertor
(INTOR Baseline)

INTOR
Bo (Tesla) ' 5.2,
Ro (m) . 54
- A (m) e | 16
Ip (MA-turns) S 19.2
Jp(kAmp/cm?) 38"
(per Tesla) _ 075
Coil cross section 2500
area (cm?) )
D (m) . ' 1.00
Shielding (m) .60
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Fig. A.la The trimetric view of & cascade T-shaped
T divertor coil configuration.

<f CO\\-S

Fig. A.1b  The toroidal flux configuration for a two
T-shaped coil divertor.
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Divertor ripple on axis fer the configurations
studied. The ripple for single "T" and cascade
are the lowest, They all fzll within the shaded
region. :
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