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THE MFTF VACUUM VESSEL AND CRYOPUMPINC SYSTEM*

Lawrence E. Valby and Lee C. Pittenger
Lavrence Livermore National Laboratory

Summary

The Mirror Fusion Test Facility (MFTF)
vacuun vessel and Cryopumping syStem have
attracted considiiable interest within the
fusion regearch community. Their extreme size,
coupled with severe perfornance requirements and
unique design features, justifies this
interest. The planned expansion of the system
to a tandem mirror configuration with thermal
barriers further increases the engineering
challenges of this complex facility,

Introduction

Originally, the MFTF was planned to be an
advanced experimenta’ mirror fusion device
serving as a physics and engineering bridge
hetween present experiments and an experimental
reactor. This single-cell mirror facility was
proposed by LLNL in March 1976 to explore
scaling laws and to sdvance the technolagy of
mirror fusion devices, The major techaology
objectives to be demonstrated {nclude:

¢ Construction and operation of a large Nb-Ti
superconducting magnet system,

¢ Construction and opcration of reliable,
long~pulsed, high-current, high-valtage
neutral beams.

® Maintenance of high-vacuum conditions in the
presence of equilibriug plasma-wall
interactions,

» Handling without deleterious effects on the
plasma or materials of construction, the
intense particle gnd plasma energy
deposition on surfaces in the varum vessel,

These objectives place conaiderable demands on
bothi the vacuum vessel and cryopumping system,

Construction of rhe MFTF vessal, cryopanels,
sryogenic supply, and external vacuum system was
initiated in September 197B. Construction is
being conducted by the CVI Corporation and
Pittsburgh Des Moines Sreel Company (FDM) under
contract to LLKL. An initial set of Technology

*ork performed under the auspices of the U.S.
Department of Energy by the Lawrence Liversore
National Laboratory under concract number
W-7405-ENG-48.

Demonstration Tests of the Faeility are plsmned
fcr September 1981,

The MFTF Vacuup Vessal

The major design-ldetermining requiremency on
the MFTF vacvum vessel were that it:

¢ Accommodate the inherently complex geometric
demands of mirvor devices

o Provide structural support for the magsive
superconducting magnet

¢ Provide support and precise mounting
iocations for neatral beam injectors and
plosma streaming guns

¢ DProvide access to the plasma For extensive
diagnostics equipment

o Serve ag the vacuum boundary, vith low leak
and outgagsing ratsq

»  Accommodate seismic, theimal and
maghet-energization stresses

The vessel is superficially a horizontal
cylinder, 10.5 meters in disweter by 18 meters
lorg. It 19 constructed entirely nof 304
Btainnyg steel, Its weight is approximately
750,000 1bs. A somewhat dated model of the
vessel is shown in Fipure 1.

1

Figure 1 -~ Model of Vessel

The dominant structursl elemerts are the
longitudinal braces and the civcumferential ring
stiffeners. These attach to the vessel
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Figure 2 - Installation of Cylindrical Shell
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footings, providing the primary load paths ro
thn foundations.

The end cylindricsl shells of the vessel,
each about 4 meters in length, are made of plate
varying in thickness up to 1-1/4", These
sections, field assembled at LLM. with ring
stifferers attached, weigh nearly &Q tons vach
(see Fig. 2). An access door {s installed in
each section.

If Yin-Yang magnets were simple cofl
bundles, the geometric constraints would rot be
negrly so severe. Because of che large magnetic
forces, extensive structure in the ma,net is
required for reatraint,! Congequent 1y, access
to the plasma region For neutral beams, plasma
diagnostics and other equipment is vestricted,

Four neutral beam domes, each with 16 ports
for injector mounting, are installed on the
veggel. These ports ar: facets on spuerically
curved surfaces, formed from 2" thick plate and
interwal’v atiffened ro prevent unaccept thle
deflection; and consequent mig-siming, Thelr
location is controlled to within 1/8" of true.
The neutral beam domes also include rectangnlar
doora, & ft by 7 ft, for accrss to the neutral
beam dunps.

Between the neutral lean domes, 8" diameter
ports provide the major diagnostics avcnss to
the plisma, These dre installed in ' thiek

piate vhicl has additional stiffening to prevent
warpage of the seal surfaces.

The end closures are spherically curved
shells (9 meter radius), with external
stiffeners (sec Fig. 3), They are O-ring sesled
to the vessel nsing a PDM-patented design.
Peneirations (50 each end) normal to the
spherical gurface are to be installed Eor plasma
streaming guns and diagnostics equipment.

. N . v

Pigure 3 - End Closute with Vessel in PBackground

Numerous other pocts, from 2" diameter up to
48", are providad on the vessel. Some of these,

particulariy for plasma diagnostics andi getters,
are installed at compound angles to permit
actess to the plaima regisn., Other purts are
provided for the external vecuum system,
eryogenic supply and return, ventilation during
maintenance, and magnet electrical leads.

The dead weight of the wagn:., approximetely
750,000 1bs, and an additional 800,000 1b
seismic load is supported by two forged hanger
brackets which are welded ¢irectly to the ring
stiffeners, These hangers pevetrate the shell;
prior to installation they were pull tested end
examinsd by ultrasonic techniques, Five other
brackets for stabiligation of the magnet under
seiymic loads are inscalled.

Supports are also installed inside the
vesgel for the magnet transporter and for the
aystem cryopanels, as well as rigging eyes for
use ducing LINL equipment installation.

The entire interior surface of the vessel
has been polished to a simulated No. 4 Finigh to
permit minimal outgassing, The total helium
leak rate is not ta exceed 1076 rorr-1/sec.

At the present -ime, vessel fabrication has
been completed, and it is undergoing acceptance
testing, Most dimensional checks have been
performed; generally the required tolerances
have been achieved. Leak testing i8 in
progress, to be follewed hy tests for residusl
contaminants and rate of rise.

The MFTF Cryopumping System

The cryopumping system maintains a
background gas pressur2 around the central
plagma of approximately 3 » 1076 torr during
experimental shatg while up tr 2,220 torr-1/gec
of Dp is being injected, partly from neutral
beam sources at the machine center, and partly
from gas boxes in the plasms fans. The system
18 divided inte three zones--cast, ceniral and
west, The central zone, app:oximately 220 w?
of pumping area, serves primarily to pump gas
from up to 24 sustaining (1/28) neutral heam
sources, including {on and neutral beam dumps
and excess neutralizer cold gas flow, It is
nlsp essential that the cold gas which s“reams
from the neutral beam infectors and hits the
plasma be limited, and that reionization loases
in the beams be acceptable., LLNL performed
extensive Monte Carlo analyscs of this region to
optimize the location and size of baffles and
apertures,

In each of the two remaining {end) zones,
about 440 m? of cryopanels are arrayed so as
te result in local capture coefficients
approaching 70% (see Fig. 4). The panels ir.
each array ave up to 30 ft lonug; the entire
array (both aides) weighs approximately 60,000
1bs,

The elements of the arrays are individual
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Fizure 4 - End 2one Cryopanel Array

panels which pump from both sides, The

i nitrogen-cooled surfaces are & aeries of neated

- 2-shaped aluwinw extrusions; the heliun panels
are alsn extruded aluminum and fill the space
between successive nitrogen panels, wiich shield
then from ambient radiation (see Fig. 5). The
anticipated heat load is 1200 watts at 4,5 K (60

: kW at BO K), or roughly 1.1. watt/m2, The

| helimn circuits are flooded with liqu.d helium

i in multiple natural convective loops, The
nitrogen circuits are fed with subconled LNy
(80 X ac 80 psia). The total nitrogen plumbing
length is nearly 5 km. Further details of the
design are given in Ref. 2,

CRYOPANEL CONSTRUCTION

Figure 5 = Cryopanel Construction

The Upgrade to MPTP-B

LINL is reecoping and upgrading MPIF. This
upgrade, called MFTF-B, wiil convert the
facility to a large tandem mirror configuration,
which is now the main approach to a mirror

fusion reactor. The plan is to proceed directly
to the tandem configuration without first
operating MFTF in the single=cell mode.

Essentially all components of MFTF will be
utilized in converting to a tandem
configuration, A tandem mirror consiats of a
long solenoid with "end pluga" comsisting of
single-cell mirrors &t each end that create
electric potentials that confine ions in the
solenoid, ln MFTF-B, the yin-yang magnet and
vacuum vesnal for MPTF will derve as one eud
plug, and & duplicate will be constructed to
serve as the other end plug. 1In addition, it
will be necessary to construct the solenoidal
section, planned to be about 30 m long, and
additional Cee~coils, Further information on
the MFTF-B upgrade is presented in Reference 3.

Impact on MFTF Vessel

The MFTF vessel must be substantially
modified for use as the east end plug vessel in
MFTF-B, ‘The hasic reason is that the magnet
system supported from the vessel doubles in
weight.

o Yin-Yang 750,000 1lbs
e Transition and 1 solenoid 250,000
e A cell megnet 500,000

1,500,000 bs

The existing magnet supports are not
properly located to support the Yin-Yang/
transition/solenoid combination, They must be
moved and increased load capability provided,

An additional six supports for the A cell magnet
muat be provided, The attractive forces of the
magnets must also be reacted; these forces were
not pregenc in MFTF.

Consequently considerable modification of the
ring and longitudinal stiffeners is expected.
To provide added support for installation of the
magnet assemblies, the transporter rail mounts
nugt be modified and additional supports
provided.

The A ¢ell megnet occupies the space
previously taken by the end zone cryopanels. To
accommodate these, the vessel must be extended
approximately 12 feet to the east, and supple-
mental legs and foundations provided, The present
eest head will be used; ports for plasma atresming
guns and diagnostice (not installed on MFTF in
anticipation of the upgrade) will be installed,

To provide access fur getters into the high
charge-exchange flux region between the Yin-Yang
and the A-cell, one of the 80" diagnostics ports
must be modified, A profusion of additional
diagnostics ports is planned,

MFTF-B Cryopumping System

MFTF-B will operate in three basic modes:

P e
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¢ Standard tandes. Neutral beams are injected
only 1n the end plugs.

o Two-component. Neutral bemms are injected in
both the center cell and end plugs.

» Thermal barrier. The functipn of the thermal
barrier is to reduce end~plug technology
requirements and to reduce the power input
needed to mgintain the potential "well™ by
which the end plugs confine icns in the
solenoid.

The cryopumping requirements are the most
severe in the thermal barrier mode. Recent
studiea of the physical phencmena have resulted
in detailed requirements for this mode, which are
summarized in Table 1, The cryopanel system is

evsentially the MFTF system, vith an additional
set of central rone panels for the weat end.

Extensive analyses of this cryopunping
system have baen perfoimed, The major
analytical tools are a three-dimensional Monte
Carlo model of MFTF-B, and a lumped paramecer
gas balance code,

The Monte Carlo code, written by Dr, David
Margolies of LLNL, incorporates the significant
features of the MFTF-B geometry. Sources of gas
oay be placed at sny point; particles are
followed until capture or escape. Dynamic
calculations may be performed; at any instant &
snapshot may be taken and the number of

Table 1

Requirements for Thermal Barrier Yode

Note:

a1l sources are turned on at t w 0.

REGION

Central Cel}

Each Yin Yang

Each A-cell Each End

t<.58 t2.5g

SOURCES
Streaming guns
Startup (20 V)
1/2 8 80 KV ]
30 8 80 kV 1
30 s 2wV
told gas feed 1000 100
(Aa)

BEAM TO PLASMA (An)
Startup

1/Z8 B0 kV 300

30 ¢ B0 KV 16
3082k

UNCONTROLLED COLD
GAS I-‘LOP(AI) 50 10

COLD GAS DENSITY

1010 cm-J

t<.5s t 2,58

500
200 50

t<.58 62,58 | t<.58 t 2,58

30
10

1 (at 80 kV) 6 18
&




particles counted in en arbitrery test volume,
Particles reflect off 300 K or 80 K aurfaces
diffusely; therual accommodation ecoefficients
may be varied so that a particle's true velacity
is correctly modeled.

Particles are loat both to the cryopanels
and to the surface of the plasma (in fact, in
the A-cell region, where the cold gas density
limit is the most restrictive, the plasma is by
far the predominant pump). The cryopanels are
currently modeled by an effective capture
coefficient for each facej the detailed
configuration may be included in the future,
The plasma itself, by charge-exchange reactions,
is a source of energetic particles; those which
are not buried in machine surfaces become cold
gas and can be modeled.

The code typically requires about 5 minutes
CPU time on the CRAY-I computer at LLNL. To
date, it has been used for initial studies of
cent- 11 cell beamlines and for detailed analyses
of neutral beam injectors in the Yin-Yang
region, including both time~dependent cold gas
flow to the plasmn and the line density of cold
gas, to gllow prediction of reionization losses.

Because enargetic particles cen desorb
large quantities of cryotrapped gases on liguid
nitrogen temperature surfaces, sll cryogenic
temperatyre surfaces in MFTF-B must be prevented
frem viewing sources of these energetic
particles. High charge~exchange flux regions of
the plasma are one such source; another {s the
end dome of the wmachine. The code is pregently
being used to optimize the required baffling
betwen the cryopanels and the end dome, and the
location of the end zone cryopanels.

The lumped parameter code, written by Monya
Lane at LLNL, divides the machine into its majnr
regions with appropriate gas sources, effective
punping ereas (both plasma and cryopanels), and
connecting conductances, The values used for
these are derived from the Monte Carlo analyses
performed, The code then performs a gas balance
on the entire machine, providing both the actusl
particle densities in each region and the
senaitivity of those densities to the input
assumptions.

The vesults to date are encouraging, There
appears to be little question that the dengity
requirement in the A-cell region ean be wmet,
This dengity does not depend with great
sensitivity on the values of the input veriables
presently used. Cold gas influx to the Yin-Yung
plasma during the critical first 20 we is swall;
however, the flying particles must eventually
come to roost and it may prove desirable to
sequentially shut off the 1/2 a sources (thus
preventing excessive cold gas at t 21/2 s, when
far fewer beams are on), Reionization losses
for the Yin-Yaag beams are low enough to give
comfortable margins on the required energetic

neutral currents to the plasme,

During the course of the vacuum eavironment
atudies, it became apparvent that microwave
heating of the plasma and synchrotron radiation
losses during thermal barrier mode operation
could cause gubstantial pulsed heat loads on the
liquid helium cryopanels, These, together with
neutron and energetic X-ray sources, may deposit
kilowatts of power into the panels, possibly
leading to flow inatabilities, increase of tip
temperatures and decreased pumping speeds. It
will be necessary to perform detailed analyges
to evaluate these effects; the present plan is
to install sufficient microwave-sbsorbing
surfaces in the machine to limit these pulsed
heat loads to acceptable values.

Conclusion

Subatantial challenges have bren met by the
designers of the major system elements af MFTF,
The construction of such a large high vacuum
vessel, with extremely close tolerances and able
to support large structural loads, together with
the design of a highly efficient cryopumping
gystem in the restricted space available, are
representative. The upgrade of the facility to
a tandem mirror configuration with thermal
barriers will present further challenges.
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