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Summary

A preliminary study has been made of the vacuum
system requirements for a D-T burning TEPR with
major radius R = 6. 25 m and plasma radius a = 2.1 m.
Approximate requirements for the neutral injector va-
cuum system have been determined as functions of
neutral beam powei for a one-component, 180 keV D°
beam derived from D+. For the 40 MW reference de-
sign D beam, the tota! injector gas load varies from
~ 500 to ~ 800 TOTT-I/B as the assumed ion source
gas efficiency varies from *0 to 25%. The torus or
plasma containment vessel has 711 m of volume and
592 m2 of surface area. Material selection for the
first wall wilt affect the total gas load available to be
pumped. The toroidal pumping system must be able to
reduce the pressure after the burn or fusion cycle from
10" Torr to 1U-5 Torr or Less in 1C to 15 s. Further-
more, before each experimental run, or possibly more
often, this pumping system must be capable of evac-
uating the entire volume down to 1 x 10-8 Torr or less
to assura a reasonably contamination free plasma.

Introduction

A preliminary study1 has been made of the vacuum
system requirements for a D-T burning TEPR with
major radius R = 6. 25 m and plasma radius a = 2.1 m.
These requirements consist of two interrelated sys-
tems; the toroidal vacuum system and the neutral
beam vacuum system.

Toroidal Vacuum System

The torus or plasma containment vessel has 711
m3 of volume and a surface area of 592 m2. The
pumping syste-n for the tor is must be able to reduce
the pressure after the burn or fusion cj-cle from 10-3

Torr to 10"5 Torr in ~ 10 to 15 s. Furthermore, be-
fore each experimental period, the pumping system
must be capable of evacuating the entire volume down
to 1 x 10-8 Torr or ter>s to assu.e a reasonably con-
tamination free plasma. Sizing for the proper pump-
ing capacity is dependent, therefore, upon which of the
two conditions will produce the greater gas load per
unit of time.

The first condition was determined by the equa-
tion:

S =

2.303 (V) Log 10 ^i-
2

(1)

where V = volume of torus = 711, 000 t

P.1 10'3 Torr

P2 = IO"5 Torr

t = 10 s

The equation is considered valid, since the pressures
Pj and P2 are well above 10"8 to 10"'' Torr, the base
pressure of the system. Further assumptions include
no leaks and a pump of -onstant capacity. Under these
conditions, the pumping speed required to reduce the
pressure from 10"' Torr to 10"' Torr in 10 s is
328,000 ila.

For effective pumping, ports are being considered
at both the top and bottom of the torus and between
each magnet (see Figs. 1 and 2). This make a avail-
able 40 pumping ducts, each approximately 6 m long.
By this symmetrical coupling of pumping, it is hoped to
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Fig. 1. ANL-TEPR ELEVATION VIEW
(Top and bottom symmetrical)

*Work supported by the U. S. Energy Research and
Development Administration.
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Fig. 2. ANL-TEPR VERTICAL SECTION
(Top and bottom symmetrical)

maintain a low impurity level. Designing with the
ability to house the pump directly within the duct and
giving consideration to both the entrance impedance
and the impedance of the duct itself, it appears that 40
25,000 X/s pumps will give the required effective
pumping speed to evacuate the torus from 10-3 to 10-5
Torr through 30 in diameter ducts within the allotted
time of 10 to 15 s. To provide flexibility to possible
changes in pumping requirements, however, 36 in
diameter ducts will be used.

The second condition for determining the proper
pump capacity is the speed required to reach the de-
aired base pressure of 1 x 10-8 Torr or less before
each experimental run. The necessary speed is based
upon the material exposed to the vacuum within the
torus and its outgassing rate. The outgassing rate is
very dependent upon previous conditioning and apon
the temperature at the time oi evacuation. The above
pumping system will have no problem in reaching a
bate pressure of 1 x 10-8 Torr or lera with stainless
steel as the first wall. After preconditioning for 24 h
at 300° to 400° C, the outgassing rate for stainless
steel is 4 x 1 0 " ^ Torr jê/cm^ s at room temperature.
Operating at elevated temperatures and with energetic
ions may increase the outgassing rate.

It is not clear that stainless steel will be utilized
as the first wall. Graphite has been suggested as a
protective liner or coating over the stainless steel.
The problem with ordinary graphite is the large
internal-surface area. The gases released upon heat-
ing are CO-J, CO, N2, and H2» and complete outgas-
sing is obtained only at temperatures above 1700° C.
Pyrolytlc graphite,4 a very flame-resistant material
chat will withstand temperatures to ~ 3700° C, has
been developed by the General Electric Company.
Sheets as thin aa 0.001 in are impervious to liquids or
gases. A relatively new material is vitreous carbon,3

which is prepared by thermal decomposition of organic
polymers. Its density is relatively low because of a
pore volume of about 30%. The pores, however, are
of spherical shape and not accessible to gases. The
material has a very low permeability, even for helium.
The purity and ash content (< 50 ppm) is superior to
ordinary graphite. Desorption time following a burn
cycle, increased surface area due to neutron damage,

production of methane from carbide exposed to atomic
hydrogen, ^ and high vapor pressure of stainless steel
above 700° C appear as some of the vacuum problems
associated with their use.

There are many factors to consider in the choice
of high vacuum pumps for the toroidal vacuum system.
Cryosorption pumps are being considered because they
reduce the space problem thatdiffusion pumps present
and the more difficult tritium recovery and mainte-
nance necessary with ion pumps and sublimation
pumps. Cryosorption pumps have the ability to gen-
erate an inherently "clean" vacuum, which is not con-
taminated by oil vaporB or other impurities, and
reliable operation not affected by power failures.
Moreover, cryosorption pumps can vary in configura-
tion so that they may be attached to vacuum systems
at almost any point. According to manufacturer's
data, 6 special pumps can be quite easily constructed
by simple scale-up to almost any imaginable size to
achieve desired pumping speeds and mass throughput
rates. Another point of consideration is the fact that
the necessary cryogent for „he cryosorption pumps
(i .e . , liquid helium and liquid nitrogen) will be readily
available, since it must be supplied for the supercon-
ducting magnets.

Pumping speeds of the required cryosorption
pumps are based on a report by P. J. Gareis and
S. A. Stern.7 Table I lists the results of their expe-
rience with two cryosorption pumps of different sizes.

PERFORMANCE CHARACTERISTICS OF CRYOSORPTION PUMPS 6

Factors SHt-8 SHe-25

Cryosorption Panel
•rea, ft.1 (cm*)

Pumping Speed, ] /sec.
Hydrogen
Helium

Steady State Liquid
Helium Boilofr,

liquid liters/day

0.27 (250)

1,000
600

1.0

3.4 (3.150)

17.000
7,500

Table 1.



One of the major disadvantages of cryosorption
pumps is the periodic need for regeneration because
of their limited storage capacity. A 25,000 lie (.mmp
has a storage capacityof approximately 90, 000Torr-i.
With 40 cryosorption pumps evacuating approximately
700 Torr-/ after each burn cycle, regeneration would
be required after about 5000 burn cycle». Of course,
there may be a reluctance to accumulate tritium for
this period of time and regeneration would then be
more often. In either case, if downtime is to be
avoided during regeneration, the number of pumps
could be doubled. With suitable valving, half the
pumps could be regenerated while the other half are in
the operating mode.

Some thought must be given to the practical use of
cryosorption pumping of helium and hydrogen simul-
taneously. There is some question as to the time and
cost to raise the temperature of the pump to release
the helium and hydrogen and then return it to the oper-
ating temperature during regeneration. This would
invo.'ve a temperature rise from ">4° Kto ~ 30° K and
then back down to 4° K. There is some merit in con-
sidering the possibility of pumping the helium (~ 1% of
gas load) with mercury diffusion pumps or turbomolec-
ular pumps and running the cryosorption pumps at
~ 15° K for pumping the hydrogen only.

Roughing pumps are necessary to bring chamber
pressures down low enough to prevent "loading" down
the cryosorption pumps and minimizing cryogent re-
quirements. For fusion reactor operation, tritium
containment is a must consideration. The mechanical
pumps, sized for the TEPR secondary pumping system,
are not available as "canned" pumpa; i . e . , with seals,
shafts, and motors canned to avoid leakage. There
are, however, smaller sizes available, which means
the technology is available; when the demand becomes
apparent, required sizes of "canned" pumps will un-
doubtedly appear on the market. Twenty mechanical
pump units, each consisting ot twenty 600 CFM rotary
piston pumps, twenty 1300 CFM blowers, and twenty
1400 t/a turbomolecular pump» are selected for flexi-
bility and multipurpose pumping. Since all exhaust
must be contained because of tritium, the same sys-
tem caribe used for pumpdown, bake-out, holding, and
regeneration of cryosorption pumps.

The major vacuum ducting components are de-
scribed in detail as follows:

Vacuum Port Ducting. The ducting as shown in
Figs. 1 and 2 is comprised of two Y sections. This
geometry exhibits the maximum flexibility for remote
handling while meeting all major functional require-
ments. The inner Y duct supports the inner-shield
plug assembly vertically while the Y aim aims
obliquely outward through the volume bounded by the
equilibrium coils and adjacent toroidal field coils.
This duct is made of stainless steel and sealed metal-
licall/ to the toroidal chamber port outer regions of
the duct with bolting vertically accessible from the in-
side. These joint seals may be reached byremovalof
the shield plugs.

The outer Y duct is symmetrically shaped carry-
ing the access opening from the plasma chamber to

either of the two cryosorption pumps. This compo-
nent is also bolted and sealed to the inner duct. A«-
Bembly of this unit is made through the cryopump
ports. Both Y sections are removed vertically.

First Wall Valving. A quick-operating, thin-
member butterfly valve with the inner (plasma) side
lined with the first wall material is provided as near
as possible to the toroidal chamber. The valve will
have a high resistance seal and can shut against a
stainless steel seat. Both seat, butterfly valve, and
valve pivot bearings are supported in position on a
cylindrical sleeve carrier fastened to the inner Yduct.
The valve operating linkage extends upward through
the shield where it is attached to a pneumatic operator
accessible outside the shield. Provision» are included
for cooling the valve surface. The entire valve, seat,
cooling leads, and operating mechanism are easily re-
moved vertically as a unit.

Heat Exchanger. A heat exchanger is provided
in the oblique arm of the inner Y duct to cool the gas
emanating from the chamber in order to reduce the
load on the cryopumps. This exchanger is mounted on
supports extending into the outer Y duct and it. acces-
sible by removing the cryopumps. Coolant lead line»
are projected through the outer duct.

Shielding.' Vacuum port shielding consists of an
inner thield of irregular shape, which forms a con-
tour passage to the vacuum pumps. This shield is
supported within the inner duct from a vertical mount-
ing. This shield is followed by a 1 m thick shield in
the form of a right circular cylinder, which caps the
vertical run of radiation streaming from the vertical
port. A third shield surrounds the inner Y duct,
preventing excessive heating of the magnets from scat-
tered radiation. All port shielding is coKed and re-
motely removable.

Cryosorption-Pump Isolation Valve». Gate-type
valving to be used for isolating or regenerating the
cryopumps has been provided. These valves will be
located at the pump inlet and will be integral wi.h the
pump support structure. A flexible bellows will be
used to join the valve with the outer Y duct, allowing
the valve, cryosorption pump, and regenerative/ancil-
lary equipment to be mounted on a separate base.

Neutral Beam Vacuum System

The pumping speed requirements for the neutral-
beam injectors will be much more severe than fot the
toroidal vacuum system. How severe is dependent up-
on the beam power selected and whether the source
and neutralizer will be close coupled or decoupled.

The initial ANL-TEPR reference design is based
on the assumption that in each of 20 or 40 ion source»,
a ISO keV positive ion beam will be extracted from a.
deuterium plasma and accelerated to full energy be-
fore optional removal of unwanted molecular ions prior
to injection into a neutralizer.1» " If the option is exer-
cised, a total current of ~ 1600 A (40 or 80 A per
source) will be required to produce a total of 40 MW of
180 keV D beam; assuming an ion beam composition
of 75% D+, 18% D£, and 7% D^. Ai 20° C, the D2 gas
flow required to produce an ion beam current 1+ is



>
Hin =

Torr-i/s (2)

Ì
where TL is the gas efficiency of the source (or
sources) ind Ti, j = 1, 2, 3 is the D* fraction of the
deuteriirw- ion beam. For a dc ion source, T] is ex-
pected to vary from ~ 0. 25 to ~ 0. 40. The gas emerg-
ing from tl-.e source (or sources).

1 -
Q =0.095out I+ S jT. Torr-i/a (3)

is one component of the neutral injector vacuum system
gas load; ions ;-,nd neutrals striking walls, molecular
ions removed from the beam entering the neutralizer
and ions emerging from the neutralizer also contrib-
ute to the gas load. These components of the gaa Load
may be amplified by beam-induced desorption of pre-
viously adsorbed gas.

If the source and the neutralizer are decoupled to
provide room for a magnetic separator and the sepa-
rator region is pumped to reduce loasei due to prema-
ture neutralization and, also, to reduce power loading«
oi\ the extraction and accelerating grids (loadings are
proportional to the pressure in the extraction and ac-
celerating regions9), a separate gas source will have to
be used to raise the target thickness of the neutralizer
to the required value if deuterium is used as a target
gas. The gas flow from the neutralizer constitutes an
additional load on the injector vacuum syste-"..

The only portion of Q^, the gas flow into the
source, which is not pumped by the neutral injector
vacuum system is the small fraction which enters the
reactor in tue form of energetic neutrals. This small
fraction will probably be more than offset by loading
due to desorption and any additional gas needed for the
neutralizer so that the injector system gas load will be

Figure 3 shows the cryopumping area and the
pumping speed required to maintain a pressure of 1
x 10-4 Torr aB functions of the total neutral beam pow-
er for a one-component, 180 keV neutral beam. Cal-
culations were made with Tj = 0.75, r2 = 0.18 and Fj
= 0.07 in Eqs. (2) and (3). Surface area and speeds
are based on experimental data for the SHE-25 pump.7

Detailed design studies presently under way will
determine gas loads and pumping speed requirements
for the first separator, the neutralizer, the second
separator, which removes ions from the neutral beam,
and the duct which connects the second separator to
the torus.

Because of the large gas loads in the neutral beam
vacuum system, any impedance to gas flow towaii the
pumps must be avoided. Cryoitorption pumps appear
most suited for this system. Besides their high
pumping capacity and other advantages listed previ-
ously in this paper, the pumping panels can be installed
within the beam housing and along its path.

As indicated elsewhere in this report, periodic
regeneration of the cryosoiption panels will be nec-
essary. Regenerating these panels will disrupt oper-
ation until regeneration is completed and the system
returned to operating pressure. Doubling the number
of beam injectors and pumping systems would be one
solution. The intended use, however, of 40 beam in-
jectors already poses the question of adequate space,
let alone finding space for 80. A more practical so-
lution may be some method of providing adequate sur-
face within the beam housing so that part of it can be
isolated and regenerated while the other part is ex-
posed and pumping (Fig. 4).
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The secondary pumping system discuned above
for the toroidal vacuum system will be used In the
same capacity for the neutral-beam vacuum system.
If suitable "canned" mechanical pumps are not avail-
able, it is conceivable that conventional mechanical
pumps could be used, if arranged in a separate tunnel



• yatem. This tunnel system would confine any leak-
age from faulty seals anri other sources of leaks. A
continuous flow of gas through the tunnel would be ex-
hausted through the tr i t ium recovery system.
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