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THE DIII-D ADVANCED DIVERTOR PROGRAM
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ABSTRACT

A cryocondensation pump was designed for the
baffle chamber of General Atomics DIII-D tokamak and
will be installed in the fall of 1992. The purpose of
the pump is to study plasma density control by pump-
ing of the divertor. The pump is toroidally continu-
ous, approximately 10m long and located in the lower
outer corner of the vacuum chamber of the machine.
It consists of a 1m? liquid helium-cooled surface sur-
rounded by a liquid nitrogen-cooled shield to limit the
heat load on the helium-cooled surface. The liquid
nitrogen-cooled surface is surrounded by a radiation/
particle shield to prevent energetic particles from
impacting and releasing condensed water molecules. A
thermal enhancement coating was applied to the ni-
trogen shell to lower the maximum temperature of the
shell. The coating is non-continuous to keep the toroidal
electrical resistance high. The whole pump is supported
off the water-cooled vacuum vessel wall. Supports for
the pump were designed to accommodate the thermal
differences between the 4K helium surface, the 77K

nitrogen shells, and the 300K vacuum vessel support-

ing the pump and to provide a low heat leak structural
support. Disruption loading on the pump was analyzed
and a finite element structural analysis of the pump was
completed.

A testing program was completed to evaluate coat-
ing techniques to enhance heat transfer and emissiv-
ity of the various surfaces. Fabrication tests were per-
formed to determine the best method of attaching the
liquid nitrogen flow tubes to their shield surfaces and to
determine the best alternative to fabricating the differ-
ent shells of the pump. A prototype sector of the pump
was built to verify fabrication and assembly techniques.

INTRODUCTION

General Atomics has performed fusion energy
research for more than 30 years and has designed, built,
and now operates DIII-D, a moderate-sized tokamak for

the U.S. Department of Energy. The plasma volume is
30m® with a major radius of 1.67 m and a minor radius
of 0.67 meters. The experiment is a pulsed device, with
an experiment lasting up to 10seconds.

The Advanced Divertor Program for DIII-D was
launched in 1989 with the experimental objectives to
study several proposed concepts for density control, en-
hancement of plasma performance, and current drive.
The first phase of the program was the installation of
a toroidally continuous ring electrode biasable to 600 V
with 20kA, and a toroidal gas baffle creating a pumping
plenum in the lower outer corner of the vacuum cham-
ber (Fig. 1). Results for the first phase were promising.
Large gas pressures were built up under the gas baffle
demonstrating particles being collected and not recy-
cled back into the core plasma.

The second phase of the Advanced Divertor is
installation of a toroidally continuous cryocondensation
pump. This pump provides active pumping of the diver-
tor and will be installed under the toroidal gas baffle.
The pumping is achieved by cooling a surface to 4K
using liquid helium, Particles condense on the helium- -
cooled surface, preventing them from recycling back
into the plasma during the experiment. The particles
are then desorbed from the helium-cooled surface after
the experimental pulse by heating the helium surface
above the freezing point of the particles. The pump
will enable scientists to study plasma exhaust and den-
sity control by divertor pumping and it is expected to
provide low density plasma for rf current drive. The
cryocondensation pump is presently being built and will
be installed in the fall of 1992.

In DIII-D experiments, an abrupt rise in plasma
density is typically observed during the tranmsition to
H-mode. A gradual rise in density is also seen dur-
ing long discharges. If the rise in density during this
transition can be controlled, better confinement is ex-
pected. This is one goal for installing active pump-
ing for the divertor. Active pumping of the divertor
is also desirable to compensate for fueling during long
plasma discharges. The only other pumping mechanism



BIASABLE / /
RING ELECTRODE PUMPING PLENUM

Fig. 1. Advanced Divertor in DIII-D

present is caused by the graphite tiles absorbing parti-
cles, but this pumping action saturates as experimental
discharges grow longer. Impurity control is another goal
of active pumping. If not collected, impurities eventu-
ally migrate back into the core plasma and radiate en-
ergy from the core, thereby reducing the stored energy
of the plasma. Active pumping of the divertor should
reduce the impurities recycling back into the plasma.
The minimum external fueling rate for DIII-D
considered for the pump design is 20 torr liters/second

corresponding to 15 MW of injected neutral beam power.

To control density during a plasma discharge, the pump
must be capable of a removal rate of at least this fuel-
ing rate. Calculations show that with a pressure build
up under the baffle of 0.4 mtorr and a pumping speed of
50,0001/s, the pump will have a removal rate of 20 torr/
l-sec.? Recent experiments have shown the pressure un-
der the baffle to be as high as 16 mtorr,! so the removal
rate of the pump will be much larger.

DESIGN

A cross section of the pump and its location in
the pumping plenum is shown in Fig. 2. The pump is
comprised of a series of concentric Inconel 625 tubes cut
and assembled together. The pumping surface consists
of a 10m long, 25mm diameter Inconel tube with lig-
uid helium flowing inside. It provides approximately
1m? of pumping surface. Surrounding the pumping
surface are liquid nitrogen-cooled shields which limit
the steady-state heat load on the helium system to less
than 10 W. Surrounding the nitrogen-cooled surfaces is
a radiation/particle shield to prevent energetic diver-
tor particles from releasing water previously condensed
on liquid-nitrogen surfaces. The aperture to the pump
is created by cutting windows in the radiation/particle
and outer nitrogen shields. The inner nitrogen shield
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Fig. 2. Cryopump components

provides shielding to the helium tube from incoming
energetic particles. All particles entering the pump
must bounce off a nitrogen-cooled surface at least twice
before hitting the helium surface. The nitrogen-cooled
surfaces are coated with an emissivity enhancing coat-
ing to absorb most of the incoming photons.

Glow discharge cleaning is used between shots on
DIII-D to clean the walls and desorb oxygen from the
graphite tiles to enable better plasma conditions. Dur-
ing conditioning, helium pressures up to 2mtorr are
present for about 300 seconds. This gas pressure creates
a large conductive heat load through the gas to the lig-
uid helium pumping surface and the liquid helium flow
becomes unstable. Hence, the helium flow will be shut
off between shots and the helium panel allowed to warm
up. This requires that the helium panel be capable of
rapid cool down in less than 5minutes to be ready for
the next plasma shot. This regeneration of the helium
surface between shots limits the deuterium frost build
up on the pump. The helium and nitrogen surface will
warm up to 120 K during glow discharge cleaning, The
liquid nitrogen components are designed to cool down
in less than 30 min from 300 K, and the helium surface
will chill down from 300K to 4K in 4.5min once the
nitrogen shields are cooled.

The flow of the liquid helium is in the forced flow
regime and enters the pump as saturated liquid and
exits as two-phase helium. The mass flow rate is
designed to be 4gm/s at 116 kPa. By minimizing the
amount of gaseous helium and maintaining bubble flow,
flow instability is eliminated as a concern. A complete
thermal analysis of the system has been completed.
Table I shows a summary of the thermal parameters
and limits for the pump. The flow stability has been
tested at several heat loads,® Other thermal design con-
siderations for the pump were operation of the machine
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TABLE 1
Cryopump Thermal Design Summary

Heat loads
Steady-state radiation and conduction 1000 W
to nitrogen shields
Steady-state radiation and conduction 10 W

to helium panel
Particle load to helium panel 20 W
Resistive heating in helium panel 170 J

Hent load limits for pump
Hydrogen pumping (4.6 K)
Deuterium pumping (6.3 K)

20W, 10s
300 W, 10s

with warm pump (no pumping experiments), response
of the pump to machine bakeout, and thermal loads on
the pump due to fault conditions.

The flow of the liquid helinm in the pump will

be single pass and the nitrogen flow will be two pass.

(Fig. 3). The cryogens are fed into the vessel through
a single feedthrough. The feedthrough is electrically
isolated from the vessel to prevent eddy or disruption

-induced currents from flowing across the toroidal field,

creating large electro-magnetic loads on the feeds. A
description of the cryogenic system supporting opera-
tion of the pump can be found in Ref. 4.

The structure of the pump is a series of concen-
tric tubes forming a toroidally continuous ring. The
toroidally continuous structure was chosen, after de-
tailed evaluation, over breaking the pump into segments
either electrically or mechanically. The primary design
issue was the voltage poteutials developed between the
vessel wall and the pump. These voltages could reach
300 V and with ionized gas existing in the pumping
plenum, breakdown between the vessel wall and the
pump could result. The flow of current in the pump
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Fig. 3. Plan view of flow pattern of cryogens in pump

causes large electromagnetic forces on the pump. The
pump system could be designed to carry these loads, but
the resulting arc could damage a fluid carrying tube.
The main benefits of the pump being toroidally con-
tinuous are lowering the voltage potential to less than
50 volts and the risk of arcing is reduced to an accept-
able level. Large currents up to 31 kA in the nitrogen
shell and 2.9 kA in the helium panel, urc induced in the
pump during disruptions but the continuous structure
enables the reaction of large radial loads to be carried
in hoop. Current is also driven in the pump during
plasma rampup and flat top. Analysis shows that the
cryopump is capable of operating with the resistive heat
load, a total of 185 J on the helium panel, from this
current. The effect of additional resistive heating on
the nitrogen shell was also considered. Both the nitro-
gen and helium shells are electrically and mechanically
toroidally continuous and can carry radial loads in hoop
stress. The vertical electromagnetic loads in the helium
are transmitted by supports to the nitrogen shell and
the vertical loads on the nitrogen shell are reacted back
to the vessel wall. The helium and nitrogen shields are
fabricated in 120° sections, which are welded together
during installation inside the vacuum vessel. There are
24 radiation/ particle shells supported from the nitrogen
shell. These are slid into place before the welding of the
nitrogen shells in the vessel.

The nitrogen shell is supported back to the vac-
uum vessel wall. The support is designed to allow for
the thermal contraction of the system at cryogenic tem-
peratures while the vessel is at 25°C. The pump changes
in radius approximately 0.5cm from 25°C to -190°C.
The natural frequency of the support system is designed
such that the pump moves with the vessel floor during
disruptions. The supports are also designed to attenu-
ate the impulse loads induced on the pump components
during disruptions.

The liquid helium tubes are supported off the
inner nitrogen shell by a pair of conically wound com-
pression springs every 15degrees (Fig. 4). The springs
provide a long heat leak path with all supports sum-
ming to a conductive heat load of less than 1.0 W to
the helium. Electrical insulation between the helium
and nitrogen systems is provided by two alumina rings
per support. The alumina rings are designed to allow
the helium tube to slide with respect to the nitrogen
shield, thus taking up the differential thermal expan-
sion. The lateral stiffness of the spring supports react
the vertical electromagnetic loads on the helium tubes,

The radiation/particle shield is supported from
the liquid nitrogen shield by alumina buttons. The but-
tons are located in sets of three, and there are two sets
per 15° section of the radiation/particle shield. The
buttons allow for sliding between the nitrogen shell and
the radiation/particle shield, but are kept centsred by
the nitrogen shell support back to the vessel wall.
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Fig. 4. Low heat leak liquid helium support

MANUFACTURE AND ASSEMBLY

Different methods of manufacturing the pump
were studied to limit the distortion of the components
and give stress-free parts. Inconel 625 tubes were taken
and rolled to the appropriate radius. The rolled sections
were annealed in a vacuum furnace for stress
relief. Laser cutting was chosen over either torch cut-
ting or traditional machining to form the windows in
the side of the tube for the. pumping aperture.

The liquid nitrogen flow tubes are attached to
their shells by a series of 25 mm long plug welds spaced
every 50 mm. Both nitrogen shells were originally rolled
to a larger radius than nominal to allow for shrink-
age during welding. The inside of the outer nitrogen
shell is plasma sprayed with a 13% titanium dioxide
— 87% aluminum oxide coating to enhance emissivity
and to reduce the heat load on the helium tibe, The
measured coating emissivity is greater than 0.75 at a
10.8 micrometer wavelength. The outer surface of the
inner nitrogen shell also has the coating.

The outer nitrogen shell has copper stripes flame
sprayed on the outside to enhance azimuthal thermal
conductance. This is needed to keep a maximum surface
temperature of 110 K on the nitrogen shell. The stripes
are 25 mm wide,spaced every 50 mm along the length of
the pump. The copper is not toroidally continuous in
order to keep the electrical resistance high and minimize
the electromagnetic forces on the pump. The stripes
coincide with the plug welds to maximize the thermal
conductance.

At the four locations for the electric and water
feeds of the Advanced Divertor ring electrode, the cross
section of the pump is modified to give room for the
electrical insulation of these feeds. This also reduces
the pump aperture by half for about 20% of the pump
toroidal circumference.

The pump is built up on a tooling plate in 90°
sectors. The helium line is installed inside the inner
nitrogen shell and the inner nitrogen shell is welded
inside the outer nitrogen shell. The radiation/particle
shields are slid over the nitrogen shield into place. A
practice installation is then performed in the staging
area to verify access to all welds. The three pump sector
assemblies are then brought into the vessel, and welded
together and leak checked.

A prototype sector of the pump was built to ver-
ify the manufacturing processes and assembly sequence
prior to the production of the final pump. Installation
of pump is planned for the end of 1992,
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