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ABSTRACT

In this document we summarize the following: (i) an overview of basic
concepts of ultrahigh vacuum needed for the APS project, (ii) a description of
vacuum design and calculations for major parts of APS, including linac, linac
waveguide, low energy undulator test line, positron accumulator ring (PAR),
booster synchrotron ring, storage ring, and insertion devices, and (iii) cleaning
procedures of ultrahigh vacuum (UHV) components presently used at APS.

1. ULTRAHIGH VACUUM OVERVIEW
1.1 Vacuum

To reduce scattering of accelerated particles (electrons and positrons) and photons with
residual gas molecules, essentially all major parts of APS are operated under ultrahigh vacuum
conditions.1 What is vacuum? Although the original Latin word vacuum means “empty", it is
impossible to artificially create a space without gas molecules. As shown in Table 1.1, under the
best ultrahigh vacuum conditions achievable at APS there are still millions of residual gas
molecules per cubic centimeter, although the gas density has been reduced by ten trillion times.
We should bear this microscopic picture in mind when dealing with ultrahigh vacuum problems.
The momentum transfer of the perpetual random motion of these molecules gives rise to
pressure, which is directly proportional to the number and temperature of gas molecules. Of
course these molecules are very tiny. They could travel quite a distance (the so-called mean free
path) without hitting another molecule as the pressure drops, as shown in Table 1.1. By the
same token our accelerated particles and photons generated from synchrotron radiation will
suffer less collision under a good ultrahigh vacuum. In the storage ring for example, under a
vacuum better than 1 x 10 -9 Torr, sufficient beam can survive for more than eight hours without
the need of injecting more positrons. Frequent beam injections are very annoying because they
interrupt all the experiments on every beam line. It would be much more efficient for APS if we
could improve the vacuum further. A better vacuum will also help to maintain a more stable
beam intensity, beam size, and beam position. Our goal is to obtain and maintain a vacuum as
high as practicable. To understand why it is so difficult to evacuate our vacuum chambers we



Table 1.1. Gas density and mean free path under various environments for air at 25°C

Environment Pressure Gas Density Mean Free Path
(Torr) (molecules/cm3) (cm)

Normal 760 ~25x1019 6.7x 10 -6

Atmosphere

Linac, Par, <5x10-7 <9.0x108 >2.0x10°
Booster

Storage Ring <1x10-9 <3.2x107 >51x106

(with beam)

Storage Ring <1x10-10 <3.0x106 >6.0x107

(without beam)
10,000 miles ~1x10-14 <50 >46x1011
above earth

need some basic concepts about ultrahigh vacuum, especially the pumping process and the
sources of gas load. We discuss the sources of residual gas first.

1.2 Sources of Residual Gases

There are two kinds of gas sources in a vacuum system in addition to the volume gas
contained in the system before pumping. One is gases entered into the system
from outside through vacuum leaks and the permeation process. The other is internal sources,
including surface outgassing from internal surfaces, volume outgassing from the bulk through
diffusion, virtual leaks, vaporization of bulk materials, etc. The influence of the permeation
process (mainly hydrogen) is more pronounced for pressures lower than 1 x 10 -12 Torr at
elevated temperatures and can be neglected for APS if the right materials are used for vacuum
walls and seals. The amount of initial volume gas inside the vacuum system is very small



compared to that generated afterwards. The other sources, namely, vacuum leaks, virtual leaks,
surface outgassing, volume outgassing, and vaporization are all critical for ultrahigh vacuum
at APS and need closer attention. We now discuss them in detail.

Vacuum leaks occur mostly on joints of vacuum parts. One can use permanent seals or
demountable seals to join vacuum parts. Welding is widely used for permanent seals and for
joining vacuum tubes to flanges. Ultrahigh vacuum welding is considerably different than
ordinary welding and should be performed only by trained personnel. Specific welding
procedures must be followed. All welding should be done on the inside of chambers with an
argon arc to ensure there are no voids which generate virtual leaks. Soldering and brazing are
also capable of providing leak-free joints. They should also be done according to ultrahigh
vacuum requirements. Demountable seals are specially designed to eliminate leaks through
inclusions in the metal components. There are three major metal seals used at APS, namely, the
ConFlat flange seal which is most commonly used, the EVAC aluminum knife-edge seal (EVAC
International, Inc.) used in the linac tungsten target chamber and in the PAR beamline, and the
rectangular knife-edge seal used in the linac waveguide.

The ConFlat flange seal has two symmetric flanges each having an outside rim to confine
a flat copper gasket and a concentric knife edge with a right-triangular cross-section. One side of
the knife edge is vertical to the flange plane and the second side is inclined at ~70°, as shown in
Fig. 1.1a. When two flanges are bolted together with a flat copper gasket in between, the knife
edges bite into the gasket causing a lateral flow of copper. The outside rim restricts the flow and
forces the copper gasket to seal imperfections in the interface and substantially reduces the size
of leak-path channels. This matured technique, developed by Varian over 30 years ago, can
provide virtually leak-tight seals better than 10-12 Torr I/s. A great deal of caution has been
taken to prevent potential leaks. For example, the flanges are made from bar stock instead of
plate stock to avoid leak paths resulting from the rolling process. Also the material is usually
forged to break up the long filamentary inclusions. The copper gasket is made from oxygen-
free-high-conductivity (OFHC) copper and hydrogen annealed after cutting. The use of OFHC
copper is important because copper oxide will react with hydrogen to form water vapor, which
can create voids in the metal when it is heated. These voids will create a porous leaky material.
In general, we find that it is a good practice to purchase commercial ultrahigh vacuum chambers
and flanges whenever possible as opposed to making your own. Special attention should be paid
to protect knife edges and copper gaskets from contamination and scratches. Bolts should be
tightened in proper sequence to ensure an even pressure on flanges (as described later in this
section). The joint should not bear uneven stress and tension. This is especially important for
the other two metal seals used at APS, i.e., the EVAC aluminum knife-edge seal and the
rectangular seal used in the linac.

The EVAC design is similar to ConFlat except that the knife edges are on the aluminum
gasket itself and the flange surfaces in contact with the gasket are flat, as shown in Figure 1.1b.
The gasket is made of soft aluminum alloy, which makes it easier to fill in the imperfections on
the flange surfaces with less compressing force. This is very useful in applications where rapid
interconnection is required. For example, by using an aluminum knife-edge gasket together with
the EVAC chain clamps and tapered flanges, one can make rapid replacement of tungsten targets
in the linac system.
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Figure 1.1 (a) Basic design of the ConFlat flange seal from Varian; (b) basic design of
EVAC combination flange with a chain clamp and an outer centered aluminum knife-edge seal
(EVAC International, Inc.).

The rectangular type of metal seal for the linac waveguide system is in the process of
improvement. The experience we gained from the ConFlat and EVAC seals should be helpful in
this respect. The rectangular copper waveguide is brazed to stainless steel flanges with
rectangular openings for making connections to other waveguides. These waveguides form long
networks to provide rf power for the linac. Their rectangular shape and the uneven strain
produced by their weight on the joints may present a challenge for the design of vacuum seals.
The sealing mechanism of the ConFlat knife should be applied to the design. The level of the
knife edge should be lower than that of the flange surface so that the gasket can be well
contained in position. The gasket should be made from OFHC copper and annealed in hydrogen
after cutting. Soft aluminum alloy may also be used as gasket material instead of copper for a
better seal. When the waveguides are jointed horizontally they should rest on some additional
mechanical support to prevent excess uneven stress on the joints.



An important factor which needs attention is the coefficient of linear thermal expansion.
For example, at APS there are some joints which are made by a stainless steel - aluminum
ConFlat flange combination. Aluminum has a higher thermal expansion than stainless steel by a
factor of ~1.5. It will expand more during a bakeout. In this case additional care should be taken
when these two flanges are bolted together. The idea is still what we have emphasized before,
i.e., to make an even tightening and avoid uneven stress and tension. A useful procedure for
bolting flanges is as follows: (1) first tighten the bolts diagonally with a smaller torque
(depending on the size of the flange), to make an even close-up; (2) then tighten the bolts
clockwise or counterclockwise one by one with a larger torque which is increased gradually after
each cycle (or two cycles) until a certain torque is reached. The torque used depends on the size
of the flange, the bigger the flange the larger the torque value. For an 8" flange (stainless steel to
stainless steel) the initial torque may be 20 Ib-in or less, then gradually increased to anywhere
from 26 to 36 Ib-in. For a stainless steel - aluminum flange combination a much larger torque
(up to 70 Ib-in) may be needed. One should be able to find the best value for oneself according
to the above-mentioned principle. For stainless steel - aluminum flange combinations one may
also use bolts made from metal materials which have an intermediate value of expansion
coefficient. Table 1.2 lists the coefficient of linear expansion for some widely used materials.

Table 1.2 Coefficient of linear expansion a for some widely used materials

(AL15)
Material Al Cu S. Steel Be W Glidcop Si
a(oK) | 231 16.5 15.0 11.3 4.5 16.6 4.7

Vacuum leaks through the vacuum vessel may be quite troublesome but they can be
easily detected by a leak detector. In some cases the leak may come from sources inside the
vacuum vessel; this kind of leak is called a virtual leak.

Virtual leaks are more difficult to detect since they are inside the vacuum chamber. A
typical example of a virtual-leak source is the trapped air in a blind hole blocked by a screw.
When the vacuum chamber is evacuated this trapped air will take a long time to be pumped out
because of the very small conductance of the narrow helical crevice. This problem is easily
solved by drilling a small venting hole to the trapped area. Virtual leaks can also be found from
welds made from the outer surfaces. One should be aware of these problems. Any components
to be placed in the vacuum chamber should be properly designed to avoid virtual leaks. Porous
materials or materials with voids should also be avoided. These materials will generate more
serious surface outgassing.

Surface outgassing is the most critical problem at APS. By definition surface outgassing
is the release of gas molecules adsorbed on internal surfaces in the vacuum system. The number



of released molecules usually far exceed that in the vacuum space. To understand surface
outgassing it will be necessary to discuss how these gas molecules are adsorbed on the surface.

There are physical as well as chemical adsorption processes. In a pure physical
adsorption process, gas molecules are held on the surface by the van der Waals forces between
the gas molecules and the solid surface atoms. The van der Waals force is very small and a pure
physical adsorption usually happens at reduced temperatures. This has been demonstrated in
physisorption of inert gases on solid surfaces. For example, in an experiment of physisorbed Xe
on a clean and atomically flat single crystalline palladium substrate we found that there was no
Xe adsorption at room temperature.2 The Pd substrate had to be cooled to below 50 K to
condense a few atomic Xe layers. As soon as the substrate temperature was raised to ~60 K all
but one close-packed monolayer of Xe were desorbed from the substrate. This experiment tells
us that while the binding energy for Xe on Pd is small, it is even smaller for Xe to Xe. Adsorbed
Xe atoms always try to find the more favorable sites on Pd surfaces. For gases other than inert
gases it is easier to be adsorbed or even absorbed (i.e. to diffuse into the bulk of the surface) on
solid surfaces. Moreover, the molecules may dissociate on striking the surface and react with
surface particles to form a chemical bond. This chemical adsorption process generally implies
electron transfer between the adsorbates and the substrate and involves much higher binding
energy than a physical process. In the case of oxygen on aluminum for example, the binding
energy is ~1000 kJ / mol (>10 eV per molecule), which compares to typical values of less than 3
kJ / mol for a physical adsorption. Aluminum oxide layers usually have complex structures and
may contain up to 100 equivalent monolayers of CO with binding energies up to 2 eV per
molecule.3

A special class of gas deserving mention is condensable gases such as water vapors.
Water molecules can adsorb on most solid surfaces by many tens of monolayers. The heat of
evaporation of water (i. e. the energy needed to make a 100°C water into a 100°C water vapor) is
2.26 kJ / mol or 0.042 eV per molecule. A bakeout procedure is usually applied to desorb water
molecules. A 150°C bakeout for example, can efficiently desorb most of the adsorbed water (at
150°C the thermal energy is about 0.06 eV). Adsorbed gases with a higher binding energy will
require a higher desorption energy and their thermal outgassing rate is low. However, when
they are exposed to energetic photon and photoelectron bombardment (eV to keV range) from
synchrotron radiation, they will leave the surface rapidly and give a burst in pressure to the
system. At the APS storage ring the photon-induced desorption is caused mainly by surface
oxide dissociation on electron or photon impact and is the main source of gas load. It is thus
very important to reduce the total amount of adsorbed gases.

There are several factors that determine the total amount of adsorbed (and absorbed)
gases. One major factor is the surface condition. Both physical and chemical adsorption occur
on the surface and the amount of gases adsorbed is proportional to the real microscopic surface
area, not the geometric area. More importantly, a porous surface tends to be able to hold
multilayers of gases because of the increased area of contact made available to the gas molecules
by the pores. In general, one should avoid porous materials and make the surface dense and
microscopically smooth. One example is machinable tungsten used at the front end of the APS
beamlines. The material will be subject to strong bremsstrahlung radiation (radiation emitted by
an electron accelerated in its collision with the nucleus of an atom). It is crucial to reduce the



photon-induced desorption from this material. Ordinary tungsten is too hard to be machined. By
using powder metallurgy techniques tungsten can be made machinable or made directly into a
specified shape. In the process of powder metallurgy, however, enormous voids and grain
boundaries may be created. For ordinary use this is not a concern; for ultrahigh vacuum it is
another story. A special manufacturing process and heat treatment have to be used to eliminate
voids as much as practicable on surfaces of the finished tungsten parts. A significant difference
in outgassing between ordinary and specially treated machinable tungsten has been found by the
Engineering & Construction Group of APS. For an ordinary piece (~1" x 5" x 8") put in an
ultrahigh vacuum chamber (~2500 in3) the vacuum could reach only 1 x 10 -8 Torr with a 250°C
bake and a 400 I/s ion pump. For the specially treated piece the vacuum reached 2 x 10 -10 Torr
with only a 150°C bake and a 200-1/s ion pump.4 The importance of surface conditions of UHV
parts can not be overstated.

Another factor affecting the amount of adsorbed gases is the cleanliness of the material
used in ultrahigh vacuum and how it is cleaned. Components contaminated with grease, oil,
fingerprints etc. will outgas too much for the system to handle and should be thoroughly cleaned
before installation. The cleaning procedures are provided in Chapter 3. After cleaning the
components usually need to be pre-baked at elevated temperatures to reduce the oxide layer and
the hydrogen content in the material and to get rid of most of the adsorbed water. Dry nitrogen is
commonly used after the pre-bake and the components are properly sealed before assembling to
prevent re-adsorption of water. Care must be taken never to touch UHV components with bare
hands. A single fingerprint can ruin the whole pre-bake and cannot be cleaned afterwards in the
in situ bakeout after assembling. On a microscopic scale, a single fingerprint is a reservoir for
storing gas molecules and it contributes to gas re-absorption into the bulk material.

Under normal conditions adsorbed molecules are released into the vacuum system by
thermal agitation. At room temperature this is a very slow process. In situ bakeout is usually
necessary to degas the system and thus shorten the time needed to reach an ultimate vacuum.
The bakeout process can greatly reduce water content in the vacuum system and hydrogen
content in the bulk material but is not that efficient in removing other gases. When the system is
subjected to synchrotron radiation, more deeply absorbed molecules are released by photon
stimulated desorption and give a burst of gas load in the vacuum chamber. The system will
clean itself gradually by synchrotron radiation. But the only way one can limit the initial gas
load burst and shorten the self-cleaning time is to decrease the total amount of adsorbed and
absorbed gases. This can be done by selecting the right materials and cleaning procedures. The
bottom line is to ensure a compacted surface and a dense oxide layer as thin as possible. To
select the right materials for ultrahigh vacuum use we need to understand two more processes of
outgassing, namely, volume outgassing and vaporization.

Volume outgassing is the release of gases through diffusion from the inside of the
material to the vacuum-side surface. There is always some gas content inside a material. For
example, gases can be dissolved in a metal during the initial melting and casting. Diffusion is a
phenomenon of particle movement from the concentrated regions to the dilute regions. The
diffusion rate is proportional to the concentration gradient and temperature. It also depends on
the mobility of individual diffusion species in the bulk material. In general it is a much slower
process than desorption and will contribute to the total outgassing in a later stage of vacuum



pump-down when the gas concentration on the surface drops. It is important to select materials
with smaller gas contents. It also helps to vacuum-bake the material before assembly.

Vaporization of some material inside the vacuum may also present a vacuum problem.
Vaporization is the thermally stimulated entry of molecules into the vapor phase and obviously it
depends on temperature. If the kinetic energy of atoms or molecules bound to a solid is
sufficient to overcome the binding energy, then the particles will escape into the gas phase.
Since synchrotron radiation can deliver a lot of power and cause the temperature of the radiated
area to rise substantially, we need to be aware of vaporization problems. A vapor is a gas near
its condensation temperature which leaves the surface. In equilibrium, molecules leaving the
surface are balanced by those that arrive at the surface. The rate of vaporization depends only on
the temperature and nature of the substance; the higher the temperature the higher the
equilibrium vapor pressure becomes. The vapor-pressure vs. temperature curves for elements
and some other materials can be found in most vacuum books. As a rule, the smaller the binding
energy of the substance the higher the vapor pressure at a given temperature. Most plastics have
high vapor pressure and should not be left in an ultrahigh vacuum system. Some metals, if their
atomic subshells are all full, will have a high vapor pressure. Typical examples are zinc and
cadmium. Zinc has a full 3d shell with 10 electrons and a full 4s shell with two electrons on an
inner argon core. Cadmium has a full 4d shell and a full 5s shell on a krypton core. The same
rule can be applied to mercury, magnesium, calcium, strontium, barium, etc. The physics behind
this rule is that the electron transfer between elements with full atomic subshells will be
substantially reduced, leading to a smaller binding energy. Other high vapor-pressure materials
include sulfur, phosphorous, lead, selenium, etc. Materials containing these elements should be
avoided for vacuum applications.

A good understanding of the basic concepts described in this section is very important in
material selections for ultrahigh vacuum, which will be discussed next.



1.3 Material Selections in Ultrahigh Vacuum

The materials used for vacuum chambers at the APS are stainless steel, aluminum, and
OFHC copper. They all have a low vapor pressure and will not present vacuum problems after
proper handling. Each of them will be discussed in the next chapter (APS Vacuum Design). In
this section we discuss some general concern for materials and components to be used (or to be
avoided) in ultrahigh vacuum.

As mentioned before, to avoid vaporization, components containing zinc, cadmium, lead,
sulfur, fluorine, phosphorous, selenium and all high vapor-pressure materials should not be used
in ultrahigh vacuum. Examples in this category include brass (which contains zinc), type 303
stainless steel (which has sulfur, phosphorous or selenium), cadmium-plated screws and bolts,
common brazing alloys containing zinc and cadmium, tin-lead soft solders, etc.

To reduce the total amount of adsorbed gas it is important to avoid porous materials. The
machinable tungsten we mentioned before provides a good example for metals. There are two
other metals widely used in photon absorbers at the APS, i.e., Glidcop and beryllium copper.
Very high power radiation will impact a photon absorber and generate a great amount of heat.
The same precaution to prevent excess outgassing has to be applied to these materials. The
commonly used Glidcop at APS contains 0.3 wt.% aluminum oxide (Al,O3) in a copper host.
The aluminum oxide is dispersed into copper for extra mechanical strength, which is needed for
the big thermal stress generated on the absorber. Beryllium is a low Z (atomic number) element
and has longer penetration depth for photons. By brazing a beryllium plate onto copper, the
absorbed photons can be dispersed into both beryllium and copper, thus dissipating the radiation
power in a much larger volume. Nonetheless, substantial heat will still be generated despite the
designed water cooling. Although all these materials have a low vapor pressure, one should try
to eliminate voids, high vapor pressure impurities, and oxygen contents in the process of
manufacturing and brazing these materials. Also, the absorber should be baked in vacuum
before assembly at high temperatures.

For non-metals, plastics should be kept away from ultrahigh vacuum. Other non-metals
include ceramics, polymers, glasses, etc.

Ceramics should be carefully examined before assembling. Ceramics are widely used for
electrical insulation. They are polycrystalline, non-metallic inorganic materials such as oxides,
sulfides, nitrides, borides, carbides, and silicate ceramics, formed under heat treatment. They
usually contain entrapped gas pores. Lots of them are too porous to be used in ultrahigh vacuum
and are called "bad" ceramics. One should be careful and select "good" ones for UHV use.
"Good" ceramics are usually very dense, smooth, and shiny. Quite often they are specifically
made for UHV. If you are not sure you should check it out. In general, high density, alumna-
based ceramics have much lower gas content than silicate ceramics. They can be further
improved by forming the component in vacuum. Some ceramics may contain metal oxide
impurities which dissociate at elevated temperatures. It is a good idea to vacuum-bake these
components at about 1000°C before assembly.

In some situations machinable ceramics (MACOR, for example) can be used in ultrahigh
vacuum to provide mechanical support and electrical insulation for some components. MACOR
is a white porcelain-like material composed of ~55% fluorophlogopite mica and 45%



borosilicate. It has very little porosity, a quite low outgassing rate when properly baked, and can
withstand a relatively high temperature up to 800°C. Fluorine will "poison" MACOR and should
be avoided.

Polymers have found applications in vacuum systems. One application is in elastomers
such as Viton seals. They should not be used at APS because of their high permeability and
solubility of hydrogen. Polymers are especially vulnerable for vacuum at elevated temperatures
and should be avoided completely in such situations. Another application is in polyimide-
enameled copper wires. Polyimide has lower outgassing rate than most other synthetic materials
after a 300°C bake. The polyimide enamel on the wire will not crack when wound around and
subjected to heat shock at 400°C. These wires can be used in ultrahigh vacuum in situations
where ceramic insulators are not practical to use, provided the temperature is not too high
(<200°C). One should be aware though, that polyimides adsorb water easily in air and the
unbaked degassing rate can be fairly high.

Certain glasses are traditional high-vacuum materials. In modern ultrahigh vacuum
systems they are used only to serve a special purpose, e.g., view ports and windows. UHV
windows and feedthroughs have glass-metal and ceramic-metal joints. Their thermal expansion
coefficients are matched to that of metal alloys. But still one should pay attention to avoid
uneven heating of these parts (during a bakeout for example). One should always cover all
windows with aluminum foil during bakeout. Windows are usually designed to withstand the
pressure from the outside but are vulnerable to a positive pressure from inside the chamber. Care
should be taken to prevent pressure build-up in the vacuum chamber when venting the vacuum
system.

There are other problems in addition to gas load if unsuitable materials are enclosed in
ultrahigh vacuum. For example, if left uncleaned, fluxes used in soldering will produce a huge
amount of fluorine. Fluorine will poison the nonevaporable getter (NEG) pumps, which can
be a disaster for NEG-pumped vacuum systems. In the next section we discuss how different
pumps work.
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1.4 Pumps and Pumping Processes

In order to create an ultrahigh vacuum, various vacuum pumps have to be used. There
are primarily three kinds of UHV pumps used at APS: NEG pumps, ion pumps, and
turbomolecular pumps (backed by roughing pumps). To understand how these pumps work one
should bear in mind the nature of constant molecule movement of gases. In ultrahigh vacuum
the mean free path for molecular collisions is so long (cf. Table 1.1) that collisions of molecules
with solid surfaces (walls, etc.) are more prevalent than collision with other molecules. The gas
throughput is dependent upon the geometry of the vacuum system and not upon the absolute
density of the gas. This is called the free molecular flow regime. The ultimate pressure is
determined not only by the pumping speed but also by the outgassing rate and the geometry of
the system. In other words, one cannot improve the vacuum by simply using larger pumps.
Pumps can only create traps for residual gases to enter into. Different pumps have different
pumping mechanisms and can be species-selective for different gases. It is thus important to
understand what each type of pump will do and how it will do it.

NEG pumps rely on chemical sorption so that they will only pump chemically active
gases. The NEG pumps used at APS are zirconium-vanadium-iron alloy coated on constantan
ribbons. These strips can be easily installed in the antechamber of the storage ring to provide
distributed pumping, which is crucial for the conductance-limited vacuum chambers (cf. Chapter
2). The Zr alloy will react with oxygen to form oxides, with nitrogen to form nitrides, with CO
and CO, to form oxides and carbides, and with water to form bulk hydrogen and oxides.
Hydrogen is easily absorbed into the bulk of the getter to form a solid solution so that a NEG is
very efficient in pumping hydrogen. The absorbed hydrogen can be released upon heating in a
later reactivation process. Other compounds formed in the reaction are stable and will be
permanently entrapped there.

NEG pumps cannot pump inert gases because of the lack of a chemical reaction. They
have very little pumping efficiency for hydrocarbons such as methane (CH,) because these gases
do not adsorb on the getter surface. Inert gases and hydrocarbons are thus pumped by other
means. In the ordinary pumping process, the reactive gases and hydrogen are first adsorbed on
the getter surface and then react at the surface and gradually diffuse into the bulk. The surface
barrier of formed compounds is shallow enough to permit diffusion but the diffusion process is
slow, leading to a slower pumping speed of the pump. When the pumping speed has gradually
decreased to a unacceptable level, the NEG can be reactivated by heating to effectively diffuse
the surface compounds into the bulk and restore a fresher surface. One can imagine that the
whole getter will be eventually exhausted. Even before the complete exhaustion, the
accumulated compounds will become so brittle after many thermal cycles that they will peel off
from the getter. Usually, under normal operations the progressive reduction of pumping speed
due to the accumulation of permanently trapped compounds will end the life of the NEG strips
sooner than the thermal fatigue. At APS the NEG will be activated at 450°C under a base
pressure better than 1 x 109 Torr and then operated at room temperature. Under these
conditions the NEG pump can be exposed to dry nitrogen and regenerated about 40 times and
still keep a pumping speed of at least 50% of its rated value.
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Obviously the lifetime of NEG pumps depends greatly on how they are used. There are
few rules to remember:

(1) The NEG pump is sealed in slightly pressurized dry nitrogen by the
manufacturer. Open the seal only before immediate installation.

(2) Never expose NEG to air when it is hot.

(3) Vent the vacuum system with only dry nitrogen.

(4) Operate NEG only in good vacuum (better than 1 x 10-7 Torr).

(5) Maximum pressure during activation should never exceed 1 x 10-4 Torr.

(6) Avoid "poison™ gases.

The NEG pump is very vulnerable if "poison™ gases such as fluorine are present.
Fluorine is the most electronegative element and the most chemically energetic of the
nonmetallic elements. It will react with every component in the getter to form very stable
fluorides. When fluorine is present, other gases have little chance to compete for reaction.
Moreover, fluorine is able to replace other nonmetallic elements in the existing compounds on
the getter surface. The NEG pumps will no longer be able to pump other gases. They cannot be
reactivated by heating and have to be replaced. The "poisoned™ getter strips may be cleaned by
washing them in deionized water since fluorides are soluble in water.5 One possible source of
fluorine comes from the flux used in silver soldering. If silver soldering has to be used,
remember to boil the whole soldered part in deionized water to remove the flux. In addition to
fluorine, other halides should also be avoided, although they are not as energetic as fluorine.

In addition to nonevaporable getter pumps, other getter pumps such as titanium
sublimation pump (TSP) is widely used. Titanium also reacts with most residual gases. It
sublimates quite rapidly at ~1450°C so that a fresh Ti layer can be built onto some internal walls
to more efficiently absorb gases. Subsequent sublimation of Ti buries previously absorbed gases
permanently. TSP is usually contained inside an ion pump to e