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THE HFTF VACUUM VESSEL AND CRVOPUMPINC SVSTEH* 

Lawrence E. Valby and Lee C. Pitcenger 
Lawrence Livermore National Laboratory 

Siamary 

The Hi r ro r Fusion Teat F a c i l i t y (MFTF) 
vacuum vessel and cryopumping system have 
attracted considtuble interest within the 
fusion research community. Their extreme size, 
coupled with severe performance 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 he an 
advanced experimenta' mirror fusion device 
serving as a physics and engineering bridge 
between present experiments and an experimental 
reactor. This single-cell mirror facility was 
proposed by LLHL in March 1976 to explore 
scaling laws and to advance the technology of 
mirror fusion devices. The major technology 
objectives to be demonstrated include: 

• Construct ion and operat ion of a l a rge Nb-Ti 
superconducting magnet fiysteo. 

• Construction and operat ion of r e l i a b l e , 
long-pulsed, h igh-cur ren t , high-voltage 
neutra l beams. 

• Maintenance of high-vacuum conditions in the 
presence of equilibrium plasma-wall 
interactions. 

• Handling without de le te r ious e f fec ts on the 
plasma or ma te r i a l s of cons t ruc t ion , the 
in tense p a r t i c l e and plasma energy 
deposi t ion on surfaces in the vacuum v e s s e l . 

These ob jec t ives place considerable demands on 
both the vacuus vessel and cryopuaping system. 

Construct ion of the MFTF v e s s e l , cryopanels , 
cryogenic supply, and external vacuum system was 
i n i t i a t e d in September 1978. Construction is 
being conducted by the CVI Corporation and 
Pi t t sburgh Des Moines Steel Company (PDM) under 
cont rac t to LLKL. An i n i t i a l ae t of Technology 

Demonstration Tests of the f a c i l i t y aTe planned 
fcr September 1981. 

The MFTF Vacuum Vessel 

The major design-determining requirements on 
the MFTF vacuum vessel were that i t : 

t Accommodate the inheren t ly complex geometric 
demands t̂ f mirror devices 

• Provide s t r u c t u r a l support for the massive 
superconducting magnet 

• Provide support anu prec i se mounting 
loca t ions for neutra l beam in jec tors and 
plasma strtaming guns 

• Provide access to the plasma for extensive 
d iagnos t ics equipment 

• Serve as the vacuum boundary, with low leak 
and outgasaing r a t e s 

• Accommodate seismic, theimal and 
magnet-energization s t r e s s e s 

The vessel i s s u p e r f i c i a l l y a hor izonta l 
cy l inde r , 10.5 meters in diameter by 18 meters 
long. I t i s constructed e n t i r e l y r>E 3M 
s t a i n 1 M s s t e e l , I t s weight i s approximately 
750,OuO l b s . A somewhat dated model of the 
vessel i s shown in Figure 1, 

*Hork performed under the auspices ol; the U.S. 
Department ot Energy by the Lavrence Livermore 
n a t i o n a l Laboratory under concract number 
W-74Q5-EHG-48. 

Figure 1 - Hodel of Vessel 

The dominant s t r u c t u r a l elements are the 
long i tud ina l braces and tha c i rcumferent ia l r i ng 
s t i f f e n e r s . These a t tach to the vessel 
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Figure 2 - Inscallation of Cylindrical Shell 
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footing!), providing the primary load paths to 
t ^ foundations. 

The end cylindrical 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 
stiffer.ers attached, weigh nearly fiQ toTis i-r\ch 
(sea Jig, 2). An access dior is installed in 
each section. 

If Yin-Vang magnets were simple coil 
bundles, the geometric constraints vould cot D e 

nearly so severe. Because of die Urge magnetic 
forces, extensive structure ir. the magnet is 
required for restraint.1 Consequently, access 
to the plasma region for neutral beans, plasma 
diagnostics and other equipment is r^suicted. 

Four neutral beam domes, each with 16 ports 
for injector mounting, are installed on the 
vessel. These ports ar* facets on spuerifally 
curved surfaces, formed from 2" thick plate and 
interifli'v stiffened to prevent nnaccept 'Me 
deflection; and consequent mis-aiming. Thyir 
location ir, controller1 to within 1/8" of true. 
The neutral beaih domes also include rectangular 
doors, -'* ft by 7 ft, for nccass to the neutral 
benra dunps. 

Between the neutral hefln domes, 80" diameter 
porti provide the major iii agnostics a.:ci:SS to 
the pl.ismi, The.se JIV installed in v' thick 
•y.^ii' which has ;«Uiicional stiffening to prevent 
warpage of the scat surfaces. 

The end closures are spherically curved 
shells (9 neter radius), with external 
stiffeners (sec Fig. 3). Thtiy are 0-ring sealed 
to cht* vessel using a PDM-patented design-
Penetrations (30 each end) normal to the 
spherical gurface are to be installed for plasma 
strcitroing guns and diagnostics equipment. 

Figure 3 - End closure with vessel in fiackgraund 

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

particularly fat plasma diagnostics anl getters, 
are installed at compound angles to permit 
ACCESS to the pUttoa region. Other ports are 
provided fo*- the external VBCUUO system, 
cryogenic supply and return, ventilation during 
maintenance, and magnet electrical leads. 

The dead weight of the laagtw , approximately 
750,000 lbs, and an additional 800,000 lb 
seismic load is supported by two forged hanger 
brackets which art welded directly to the ring 
stiffeners. These hungers penetrate the shell; 
prior to installation they were pull tested and 
examined by ultrasonic techniques. Five other 
brackets for stabilisation of the magnet under 
seismic loads are installed. 

Supports are also inBtalW-d inside the 
vessel for the magnet transporter and for the 
system cryopanels, as well as rigging eyes for 
use during y.NL equipment installation. 

The entire interior surface of the vessel 
has been polished to a simulated Wo. 4 finish to 
permit minimal outgapslng. The total helium 
leak rate is not to exceed 10"^ torr-1/jec 

At the present Lime, vessel fabrication has 
been completed, and it is undergoing acceptance 
testing, Moit di-ncnstonal checks have been 
performed; generally the required tolerances 
have been achieved, teak testing is in 
progress, to be followed by tests for residual 
contaminants and rate of r ise, 

The MFTF Cryopumping System 

The cryopunping system maintains a 
background gas pressure around the central 
plaaraa of approximately 3 A 10"^ torr during 
experimental shots while up t i 2,220 torr-1/sec 
of D2 is being injected, partly from neutral 
beam sources at the machine center, and partly 
from gas boxes in th» plasma fans. The system 
is divided into three zones—east, central and 
west. The central zone, app-oximately 220 m* 
of pumping area, serves primarily to pump gas 
from up tu 24 sustaining (l/2a) neutral !?eam 
sources, including ion and neuLral beam dumps 
and excess neutralizer cold gas flow. It is 
alao essential that the cold gas which a Teams 
from the neutral beam injectors and hits the 
plasma be limited, and that reionisation leases 
in the beams be acceptable. ILNL performed 
extensive Monte Carlo analyses of this region to 
optimize the location and size of baffles and 
apertures. 

In each of K.h°. two remaining (end) zones, 
about MO m̂  o.' cryopanels are arrayed so as 
to result in local capture coefficients 
approaching 70% (see Fig. 4). The panels u. 
each array are up to 30 ft loug; the entire 
array {both jideg) weighs approximately 60,000 
lbs. 

The elements of the arrays are individual 
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END ZONE CRYOPANEL ARRAY 

MFTFB iri.tm.liA 

Fiji re 4 - End Zone Cryopanel Array 

panels vhich pump from both aides. The 
nitrogen-cooled surfaces are a aeries of nested 
Z-shaped aluminui extrusions; the helium panels 
are alsi extruded aluminum and f i l l the space 
between successive nitrogen panels, unich shield 
them from ambient radiation (see Fig. 5). The 
anticipated beat load is 1200 watts at 4.5 K (60 
kW at 80 K), or roughly 1.1. wutt/m2. The 
helium circuits are flooded with liquid helium 
in multiple natural convective loops. The 
nitrogen circuits are fed with subcooled Uty 
(80 K at 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 

Thii Opgrade to MFTF-B 

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

fusion reactor. The plan ia 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 consists of a 
long solenoid vith "end pluga" consisting of 
single-cell mirrore at each end that create 
electric potentials that confine ions in the 
solenoid. In MFTF-B, the yin-yang magnet and 
vacuum vessel for MFTF will serve as one end 
plug, and a duplicate will be constructed to 
serve as the other end plug. In 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 vesBel must be substantially 
modified for use as the east end plug vessel in 
MFTF-B. The 'issic reason is that the magnet 
system supported from the vessel doubles in 
weight. 

Yin-Yang 
Transition and 1 solenoid 
A cell magnet 

750,000 lbs 
250,000 
500,000 

1,500,000 lbs 

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 
must be provided. The attractive forces of the 
magnet9 must also be reacted; these forces were 
not present 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 
taust bo modified and additional supports 
provided. 

The A cell magnet occupies the space 
previously taken by the end zone cryopanela. To 
accommodate these, the vessel must be extended 
approximately 12 feet to the east, and supple
mental legs and foundations provided. The present 
east head will be used; ports for plasma streaming 
guns and diagnostics (not installed on MFTF in 
anticipation of the upgrade) vill be installed. 

To provide access for 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: 
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• Standard tandem. Neutral beams are injected 
only in the end plugs. 

• Two-component. Neutral beano are injected in 
both the center cell and end plugs. 

• Thermal barrier. The function of the thermal 
barrier is to reduce end-plug technology 
requirements and to reduce the power input 
needed to maintain the potential "well" by 
which the end plugs confine ions in the 
solenoid. 

The eryopumping requirements are the most 
severe in the thermal barrier mode. Recent 
studies of the physical phenomena have resulted 
in detailed requirements for this mode, which are 
summarized in Table 1, The cryopanel Byatem is 

essentially the MFTF system, with an additional 
set of central aone panels for the west end. 

Extensive analyses of this cryopuaping 
system have bs.tn perfoimed. The major 
analytical tools are a three-diaenoional Monte 
Carlo model of MFTF-B, and a lumped paraaeter 
gas balance code. 

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

Table 1 

Requirementa for Thermal Barrier Mode 

Note: all sources ere turned on at t " 0. 

SOURCES 
Streaming guns 
Startup (20 W ) 
1/2 s 80 kV 
30 s 80 kV 
30 i ! M 
cold gas feed 

SEAM TO PLASMA (A ) a 
Startup 
l/2s 80 kV 
30 a 80 kV 
30 a 2 kV 

UHCOHTKOLLED COLO 
CAS FLOW(A a) 

COLD GAS DENSITY 

1 0 1 0 cm' 3 

Central Cell 

t < . 5 s t 2 . 5 s 

1000 100 

REGION 

Each Yin Yang 

t < . 5 s t > .5s 

10 

4 

Each A-cel l 

t < .5 s t > .5 s 

300 

50 10 

500 

200 

Each End 

t < . 5 s t > , 5 s 

50 

(at 80 kV) 6 

6 

3.3 

5 



particles counted in an arbitrary teat volune. 
Particles reflect off 300 K or 80 K suffices 
diffusely; thermal accommodation coefficients 
may be varied so that a particle's true velocity 
is correctly modeled. 

Particles are lost both to the cryopanels 
and to the surface of the plasma (in fact, in 
the A-eell region, where the cold gas density 
limit ig 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 Z 
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 LLHL. To 
date, it has been used for initial studies of 
cent-il cell bearalines and for detailed analyses 
of neutral beam injectors in the Yin-Yang 
region, including both time-dependent cold gas 
flow to the plasma and the line density of cold 
gas, to allow prediction of reionization losses. 

Because energetic particles can desorb 
large quantities of cryotrapped gases on liquid 
nitrogen temperature surfaces, all cryogenic 
temperature surfaces in MFTF-B must be prevented 
frr,m viewing sources of these energetic 
particles. High charge-exchange flux regions of 
the plasma are one such source; another is the 
&t\i dome of the machine. The code is presently 
being used to optimize the required baffling 
betwcn 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 
pumping areas (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 actuil 
particle densities in each region and the 
sensitivity of those densities to the input 
assumptions. 

The results to date are encouraging, There 
appears to be little question that the density 
requirement in Che A-cell region can be met, 
This density does not depend with great 
sensitivity on the values of the input variables 
presently used. Cold gas influx to the Yin-Yang 
plasma during the critical first 20 ms is small; 
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 £ 1/2 s, when 
far fewer beams are on). Reionization losseB 
for the Yin-Yang beams are low enough to give 
comfortable margins on the required energetic 

neutral currents to the plasms, 

During the course of the vacuum environment 
studies, it became apparent that microvrave 
heating of the plasma and synchrotron radiation 
losses during thermal barrier mode operation 
could cause substantial pulaed 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 instabilities, increase of tip 
temperatures and decreased pumping speeds. It 
will be necessary to perform detailed analyses 
to evaluate these effects; the preaent plan is 
to inBtall sufficient microwave»abaorbing 
surfaces in the machine to limit these pulsed 
heat loads to acceptable values. 

Conclusion 

Substantial challenges have been met by the 
designers of the raajgr system elements of 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 cryopuraping 
system 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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