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Abstract

Non-evaporable getter (NEG) alloys after dissolution of their native oxide layer into the bulk are able to pump most of the gases present in
ultra-high vacuum systems. The dissolution process, commonly called activation, is obtained by heating in vacuum. NEG materials can be sputter-
deposited as a thin film on the inner wall of a vacuum chamber, transforming it from a source of gas into an effective pump. The most significant
advance in the development of NEG films was the discovery of a very low activation temperature (180 °C for 24 h heating) in a large range of
compositions of the Ti—Zr—V system. This favourable property was correlated with nanometric grain size of the film (about 3 to 5 nm).

In addition to pumping, NEG films lead to reduced induced gas desorption and secondary electron yields. As a consequence, Ti—Zr—V films
provide the optimum solution to most of the problems encountered in vacuum systems of modern particle accelerators for high energy physics and
for synchrotron radiation facilities. In the near future the most significant benchmark for Ti—Zr—V films will be the Large Hadron Collider (LHC)
presently under construction at CERN, where about 6 km of beam pipe are being coated. A dedicated magnetron sputtering facility has been built

to cope with the high number of vacuum chambers (about 1200) and the tight production schedule.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The wish of any UHV user to transform the wall of vacuum
systems from a source of gas into a pumping surface has
become a reality after a passionate development conducted at
CERN between 1995 and 2002 [1]. This advance was obtained
by ex situ sputter-coating the whole inner surface of vacuum
chambers with a thin non-evaporable getter (NEG) film. By
heating in vacuum (activation), the native oxide layer of such a
film is dissolved into the bulk allowing chemisorption of most
of the gases present in vacuum systems at room temperature. In
this perspective the film coating is considered as an integral
part of the vacuum chamber. This technological breakthrough
represents the natural evolution of pumping solutions for
particle accelerators. In effect, to counteract the more and more
limited conductance of beam pipes, distributed pumping is
necessary to produce a uniform pressure profile [2]. Linearly
distributed ion pumps [3] and NEG strips [4] were used in the
past for such application. However, both these lines of attack
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are demanding in terms of space and a dedicated antechamber
is necessary for their integration in the beam pipe.

The activation temperature of the selected coatings must be
lower than the maximum temperature allowed for UHV vacuum
chambers, namely 400, 250 and 200 °C for those made of
stainless steel, copper alloys and aluminium alloys, respective-
ly. The dissolution of the native oxide is possible at such
temperatures only if the transfer of oxygen in the solid solution
is thermodynamically possible and oxygen diffusion rate in the
film is sufficiently fast [5]. It turns out that the key parameters
for the choice of NEG coating materials are the oxygen solubility
limit, i.e., the maximum concentration of oxygen that can be
dissolved in solid solution, and the oxygen diffusivity in the film
[5]. With respect to the thermodynamic characteristic, the
elements of the fourth group (Ti, Zr, Hf) have a singular
behaviour: they show an exceptionally high ability to dissolve
oxygen attaining values of concentrations up to 30 at.%. In the
nearby groups the solubility limit drops to values well below
1 at.% at temperatures lower than 400 °C (except for V and Sc,
about 3 and 1 at.%, respectively) [6]. With regard to the kinetic
parameter, an enhanced diffusion can be achieved in the
elements of the fourth group by adding other elements that
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either enlarge the lattice space (increased bulk diffusivity) [7,8]
or reduce the grain size and, as a result, increase the transport of
oxygen through the grain boundaries. The latter approach was
successfully verified for Ti—Zr—V alloys where compositions
with very low activation temperatures are unambiguously
associated with grains of nanometric size (about 3 to 5 nm)
[5,9]. The activation of these films can be obtained by heating at
180 °C for 24 h, which renders Ti—Zr—V films compatible with
all the substrate materials used in vacuum technology [10].

The properties of Ti—Zr—V films have been studied to
verify their suitability with a particle accelerator environment
[11,12]. The positive outcomes of this investigation have lead
to important applications to some high-energy physics [13] and
synchrotron radiation facilities [14]. However, by far the most
significant benchmark for such films will be the Large Hadron
Collider (LHC) presently under construction at CERN, where
about 6 km of beam pipe (about 1200 vacuum chambers) are
being coated.

2. General properties of Ti—Zr-V films

Ti—Zr—V films are produced by magnetron sputtering and
most of the know-how in the coating process comes from the
experience acquired with thin film Nb coating for super-
conducting RF cavities [15,16].

Films of different compositions were produced [5,9] on
coupon samples made of different materials by means of a
dedicated system equipped with a planar sputtering source for
each of the three elements. The samples were characterised by
Auger Electron Spectroscopy (AES) [17] and their perfor-
mances ranked by the ratio between the intensity of metallic and
oxide Zr lines after a defined thermal cycle (200 °C for 1 h). In
addition Energy Dispersive X-ray (EDX), X-Ray Diffraction
(XRD) and Transmission Electron Microscopy (TEM) were
applied to probe compositions and crystal structures [5].

The results have indicated that the nanometric grain size
along with the fast oxide layer dissolution are obtained for a
large range of compositions characterised by a Ti concentration
lower than about 45%. Other studies carried out by X-ray
Photoelectron Spectroscopy (XPS) and Secondary Ion Mass
Spectroscopy (SIMS) have clarified the activation mechanism
of these alloys [18—20]; in particular they have shown that V is
the first of the three metals to be reduced as it could have been
expected by the comparison of the three oxide formation
enthalpies. The large domain of compositions where the
dissolution is facilitated allows the production of simple and
quite inexpensive cathodes for the coating of vacuum
chambers: the three elemental wires are intertwisted to form
a braid which is positioned along the tube axis for the coating
process. In this configuration the actual composition is Ti 30—
Zr 30—V 40 at.% for 3 mm diameter wires.

The nature of the substrate does not influence the oxide
dissolution process of the Ti—Zr—V film [21]. This is not the
case for morphology: such a film coated on smooth copper and
stainless steel is smooth and compact, whereas on aluminium
alloys and beryllium a cauliflower structure is formed.
Nevertheless, the most spectacular effect on film morphology

is played by the substrate temperature during coating [22]: for
temperatures equal to or higher than 250 °C the film grows
with a columnar and granular structure resulting in an increase
of the surface area of a factor of about 10. A higher substrate
roughness can further enhance the film surface area. Moreover,
the substrate temperature during coating should not be higher
than 300 °C since this produces an increase of the grain size
which leads to a higher activation temperature [22].

The content of H in the film after coating is about 0.1 at.%
which is very close to the value measured for Nb films coated
in similar configurations [23]. The content of the discharge gas
trapped in the film depends at first approximation on the
momentum exchange between energetic ions impinging on the
cathode and the cathode atoms [24]. Therefore, lighter ions
hitting heavy cathode atoms are reflected with higher energy
and get more easily implanted in the growing film. The
practical consequence is that Kr is less implanted than Ar in
Ti—Zr—V films. This result was verified experimentally by
ablating the film in a vacuum system, on less than 0.1 mm?, by an
excimer laser [25]. The evaporation of the film frees the trapped
gas whose quantity is evaluated by a calibrated mass spectro-
meter [26,27]. Discharge gas content is strongly dependent on
many parameters, for instance cathode voltage, pressure,
substrate-cathode distance and substrate temperature. In a film
deposited on a vacuum chamber, about 100 and 1000 at. ppm
were measured for Kr and Ar, respectively, for typical coating
parameters (—500 V polarisation, 10”2 Torr discharge gas
pressure, 100 °C substrate temperature) and for a distance of
about 5 cm between the axial cathode and the substrate.

3. Vacuum properties of Ti—-Zr-V films
3.1. Pumping speed

Ti—Zr—V films are used as pumps; for that reason their
main functional characteristic is the pumping speed for the
gases present in UHV systems, i.e., H,, CO, CO,, H,O and N,
and O, in case of leaks. NEG materials do not pump noble
gases. Negligible pumping is also provided for CH4 due to the
high dissociation energy for this molecule at metal surfaces
[28,29]; an upper limit for the CH, sticking probability at room
temperature is 10~ [30]. A similar result was obtained at
CERN for Ti—Zr-V.

Pumping speeds are frequently expressed in terms of sticking
probabilities, namely the ratio of the rate of chemically adsorbed
molecules to the total rate of molecules incident on the surface.

The pumping characteristics of Ti—Zr—V films are similar
to those obtained for bulk NEG materials of different chemical
composition [31,32]. Sticking probability depends on the gas
specie, on the surface coverage, i.e., on quantity of gas already
pumped, and on the NEG surface roughness. Typical values
are reported in Table 1. The sticking probabilities of
homonuclear molecules are at least about a factor of 10 lower
than that of CO. The pumping speed of all the gases, except
that of H,, decreases as the coverage of the same gas
increases. H,, after dissociation on the surface, can diffuse
in the film bulk; as a consequence its pumping speed displays
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Table 1
Summary of the some functional properties of Ti—Zr—V film coatings
H, (¢[0) N, CH4
Maximum sticking probability Smooth 8x 103 0.7 1.5% 102
Rough 3x 1072 0.9 3.0x1072
Surface capacity [molecules cm™ 2] Smooth 8x 10" 1.5%10"
Rough 8§x 10" 1.5% 10"
Electron stimulated desorption yields Electron energy =500 eV 2x107% 1x107* 5%10°°
[molecules per impinging electron] negligible dose
Photon stimulated desorption yields E.=194 eV [51] negligible dose, 3x10°° <2x1078 <3x1078
[molecules per impinging photon] normal incidence
E.=4.5 KeV [41,42] 10*' ph m ™! 1.5x10°° <107? 2% 1077

10 mrad incidence

Pumping speed and gas capacity are referred to film coated at 100 °C (smooth) and 250 °C (rough). Electron and photon desorption yields are reported only for
smooth films. Pumping speed and gas capacity can be improved by increasing the substrate roughness.

a much smaller decrease with the pumped quantity, but it is
dependent on the rate of arrival of the molecules. The surface
capacity of CO and CO, is of the same order as the number of
atoms on the surface, i.e., about 10'> molecules cem™ 2 for a
smooth surface. Therefore the surface capacity can be
increased by increasing the film surface roughness as obtained
by coating at high temperature as shown in Fig. 1-a and -b.
The maximum surface coverage for N, is about 5 times lower
than that of CO since the chemical adsorption of this molecule
needs several free adsorption sites [33]. On the contrary, the
maximum surface coverage for H,O and O, is about 5 times
larger than that for CO because, after surface dissociation,
underlayer penetration [33,34] of atomic oxygen can occur.
An increased film surface roughness not only expands the
surface gas capacity, it also enhances the sticking probability
due to possible molecule-surface multiple impingement.

For porous Ti—Zr—V films, as those coated at temperature
higher than 250 °C, for high CO and CO, coverage, the
pumping speeds decrease as the inverse of the pumped quantity.
This behaviour can be understood by considering that the
molecules have to pass through a saturated porous layer before
reaching free adsorption sites. The saturated layer has a
molecular conductance which decreases as the inverse of its
thickness, namely as the inverse of the pumped quantity [31].

The presence of a given gas influences the film pumping
speed for another gas as shown in Fig. 1-a and -b for N, and H,
on a CO charged film surface. H, does not affect the pumping
speed of the other gases since it diffuses inside the material,
while N has a limited influence on the pumping of H, and CO
as a result of its underlayer adsorption [21,32,35].

3.2. Ultimate pressure intrinsic limitations

Total pressures in the low 10~ ' Torr range have been
reproducibly measured in Ti—Zr—V coated vacuum chambers
[36]. It has been shown that this limitation is not due to any
film features, but to the outgassing of the gauge employed (of
the order of 10° molecules s~ ') and to the NEG pumping speed
available at the gauge position. The film characteristics that
could limit the ultimate pressure are outgassing of species
which are not pumped by NEG, namely the discharge gas and
methane, and hydrogen dissociation pressure.

Kr and CH, outgassing rates have been measured for several
Ti—Zr—V coated vacuum chambers made of different materials
[37]. The Kr outgassing rates at room temperature are of the
order of 10~ "® Torr 1 s~ em™? (=30 molecules s~ ' cm™?) or
lower. The same value at the temperature of activation never
exceeds 107" Torr 1 s7' em 2 (=3 x 10° molecules s~ '
cm ™ ?). The Kr desorption energy is 21+1 Kcal mol~ ' and it
does not depend on the substrate nature. The quantity of Kr
released by the film during a 200 °C heating for 24 h is
negligible in comparison with the expected trapped quantity of
the same gas in the film, i.c., about 1000 times lower [37]. The
measurement of the CH,4 outgassing rates could be affected by
the presence of UHV gauges which can produce a relevant
quantity of this gas. To overcome this problem, accumulation
of the desorbed gas in a volume without gauges is mandatory.
The evaluation of the accumulated quantity is usually obtained
by expanding the gas in a chamber equipped with a calibrated
gas analyser. With such a method, values of the order of 10~ '
Torr s~ ' em™? (=30 molecules s~ ' cm™ %) were measured at
room temperature after activation. The practical consequence
of these extremely low outgassing values is that auxiliary
pumps (ion, turbomolecular or cryogenic pumps) with very low
pumping speed for these gases are sufficient for attaining very
low pressures in Ti—Zr—V coated chambers.

The Sieverts’ law for the H, dissociation pressure of Ti—
Zr—V films was experimentally evaluated [38] and it is
expressed by the following relation:
log(Pn,) = 2-log(xy) + 14.2 — &;8
where xy is the fraction of atomic hydrogen in the film, Py, is
the dissociation pressure in Torr and 7 the temperature in K. It
comes out that for the expected H content the dissociation
pressure is negligible at room temperature, but its value
becomes about 10~ '° Torr at the lowest possible activation
temperature, namely 180 °C.

3.3. Induced desorption
In an accelerator vacuum system, the gas load is not only

defined by the thermal outgassing. In most of the modern high-
energy and synchrotron radiation facilities, the inner surfaces
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Fig. 1. a and b Pumping speed of CO, N, and H, as a function of the quantity of
CO adsorbed for Ti—Zr—V samples coated at 100 (a) and 300 °C (b). For the
porous film and for high gas coverage, the ratio of the pumping speeds for the
three gases equals the ratio of the molecular conductances. The pumping speeds
can be converted into sticking factors by dividing their values by the unit
surface molecular conductance at room temperature, i.e., 44 1 s lem 2 for Hy
and 11.6 1's™ ' em™ 2 for CO and N.

of the beam pipes are bombarded by electrons, photons and
ions which induce the desorption of gas molecules [39]. The
experimental data available shows that the source of such a gas
load could be the oxide layer. As a consequence, a lower
desorption yield (molecules desorbed per impinging particle) is
expected for NEG films since their oxide layer is dissolved
during activation. This expectation has been corroborated by
several measurements. The measured electron desorption
yields for H, and CO are at least 10 times lower than those
for stainless steel; that for CH, at least 100 times lower [40].
The same features were measured for photon induced
desorption for critical energies in the range between 20 eV
and 20 KeV [12,14,41,42]. Data for ion induced desorption for
low impinging energy (from 100 eV to 100 KeV) are lacking.

However encouraging results have been obtained at CERN for
very high energy Pb ion collisions at 4.2 MeV/nucleon [43].

3.4. Secondary electron yield

In particle accelerators secondary electrons can gain kinetic
energy from positive charged beams and, by colliding on the
facing surface, release other electrons. A positive feedback
process is possible if the secondary electron yield (SEY) and
the frequency of the accelerated particle bunches are higher
than well defined thresholds [44]. The intense electron
bombardment provokes localised pressure bumps which are
detrimental for beam lifetime, luminosity and thermal load in
the cold bore of superconductive magnets. The SEY can be
reduced by removing the oxide layer as it is the case for the
induced desorption yields. Dedicated measurements [45] have
shown that the SEY of activated Ti—Zr—V films is lower than
that for traditional structural materials at equal electron dose.
The SEY at the peak maximum for the NEG film is about 1.1—
1.2, whereas for stainless steel and copper it reaches values of
about 2 at negligible electron doses. This property is of
paramount importance for high-energy modern accelerators
[46].

3.5. Performance deterioration: ageing of Ti—Zr—V films

In many applications, vacuum chambers are frequently
exposed to air and, as a consequence, Ti—Zr—V coatings
undergo several venting—activation cycles. Since the film
thickness is typically about 1 pm and the maximum quantity of
oxygen that can be dissolved in the film is limited, a
deterioration of the film performances is expected [11]. The
drift of the film characteristics were probed by injecting H, in
2 m long, 3.4 cm diameter, stainless steel pipes and evaluating
the sticking probability for such a gas. The results show a
gradual decrease after each venting—activation cycle as
expected. The decrease of the H, sticking probability is found
to depend on the heating temperature during activation: the
higher the temperature the lower the loss. For activation cycles
performed at 200 °C for 24 h the sticking probability decreases
roughly as the inverse of the number of cycles; in this case the
pumping speed can be partially recovered by increasing the
heating temperature. On the other hand, activations carried out
at 300 °C leads to a reduction of the H; sticking probability of a
factor of two after about 30 cycles.

The loss of performance recorded along the first 10 cycles
does not depend on the thickness of the film in the range
0.25=+5 pm although an abrupt reduction of the pumping
speed is observed for the thinnest (0.25 um) coating after about
12 cycles when heating at 200 °C [47].

The experimental results can be interpreted by using both
thermodynamic and kinetic considerations. Each cycle dis-
solves into the film an identical quantity of oxygen; hence the
maximum possible number of cycles is reached when the
oxygen solubility limit is attained. If an oxygen solubility limit
similar to that of the elements of the fourth group is considered,
full saturation after about 100 cycles is expected for each um of
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film thickness [47]. However, heating at temperatures lower
than 250 °C does not allow a uniform oxygen concentration to
be reached in the film and, as a consequence, oxygen atoms are
settled in the film to form a concentration profile with the
maximum close to the surface, which finally leads to
accelerated performance degradation. These conclusions are
not peculiar to films but rather they apply to NEG materials of
any nature.

The film degradation can be also explained in terms of C
accumulation on the surface; in effect this element needs a
higher heating temperature to be dissolved in the film bulk
[48—50]. The two models are going to be tested by performing
activation—venting cycles of coatings of different roughness.

4. Production of Ti—Zr—-V coated vacuum chambers for the
LHC

The Large Hadron Collider (LHC), due to start operation in
2007, is a particle accelerator that will ultimately collide beams
of protons at energy of 14 TeV. Its main ring (27 Km in length)
is composed of arcs where superconducting magnets bend the
beams and long straight sections (LSS) where the two beams
collide or where beam acceleration, injection, extraction and
monitoring are placed. The LSS are composed of about 6 km of
beam pipes (about 1200 vacuum chambers) and, to provide
distributed pumping and low SEY, they are going to be almost
all Ti—-Zr—V coated.

The LSS vacuum chambers are made of several materials
(bare or copper plated stainless steel, aluminium, beryllium,
OFS and OFE copper, copper plated mumetal) and they have
disparate sizes (cylindrical and conical symmetry, circular or
elliptical cross-section, length varying between 20 cm to 7 m,
diameter ranging between 30 to 450 mm). A key point for the
success of this operation is the chemical treatment of the
substrate materials before coating; in particular for the case of
extruded copper tubes the cortical layer (about 50 um) has to be
chemically removed. An inadequate surface treatment leads to
NEG film deterioration and, in the worst case, peel-off.

The coating production planning has to fit the ring
installation planning, which has fixed the conclusion of the
vacuum system assembling by end of 2006. To face the tight
schedule a dedicated facility was built at CERN. It consists of
three cylindrical magnetron sputtering systems that allow
coating vacuum chambers with a maximum length of about
7.5 m and maximum diameter of about 60 cm. Each unit
consists of a vacuum pumping system, a manifold, a base
support and a vertical solenoid (see Fig. 2). The chambers are
assembled on a special cradle which is able to support up to
four chambers if their diameter is less than 100 mm. A 16 m
long assembling bench allows the horizontal insertion of the
cathodes in the chambers. The whole structure can then be
lifted up with a crane and inserted into the solenoid, installed
inside a 6.3 m deep pit.

In the simplest geometrical configuration, the three-wire
cathode is inserted in the chamber and aligned along the pipe
main axis. For more complicate structure, more than one
cathode is necessary to guarantee uniform film thickness. As an

<«—manifold

solenoid
AL | L=8
chambers /i" A{ ¢:602nm
to coat ~~ %

Fig. 2. Drawing of the set-up used for the coating of the LHC-LSS vacuum
chambers. Three such units are available at CERN.

example for chambers whose cross-section is elliptical, at least
two cathodes are inserted. In another case, where two pipes
converge into one (the recombination chambers), three
cathodes are necessary to coat the three branches of the
vacuum chamber. In special cases the cathode is mechanically
deformed to match the chamber profile.

The vacuum pumping system, equipped with a turbomole-
cular pumping unit, cold cathode gauges, and a residual gas
analyzer, is installed on a platform located at the top of the
solenoid and is connected to the manifold by a bellow. The
chambers are baked at 200 °C overnight before coating.

The supports and electrical feedthroughs for the cathodes
are located on top of the manifold and are fed by 1.5 kW DC
plasma power supplies (one per cathode). The solenoids are 8 m
long and provide magnetic field up to 300 G. One of the
solenoid offers the possibility of coating independently
chamber sections 1.33 m in length allowing a better uniformity
of the film thickness in long conical chambers. Ion current
densities range from 0.06 to 0.19 Am ', (depending on
cathode wire’s diameter), for a potential of —500 V.

During the coating process the chamber’s temperature is
kept at 100 °C. As shown in Fig. 1, coating at 250 °C would
have increased the surface roughness and the pumping
performances. However, the total coated surface in the LSS
is so large that the saturation of the film should not be a critical
item. In addition, a rougher film surface could have an
accelerated ageing due to the higher quantity of oxygen
dissolved after each air venting—activation cycle.

The discharge gas is Kr, which is injected at a pressure of
about 10~2 Torr. After coating, the chambers are dry air
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vented, dismounted from the cradle, pumped, filled with dry
nitrogen at 1.2 bar and finally tightly stored. An average
production rate of about 20 chambers per week is guaranteed.

To assure the quality of the production, after every run the
elemental composition is checked by EDX on a copper sample
coated simultaneously with one of the chambers. This sample
will also be used for thickness measurement by electron
microscopy. A similar sample will be used to evaluate the
activation behaviour by XPS. The pumping speed perfor-
mance of the NEG film is evaluated every week by measuring
two 25 cm long tubes coated together with the chambers and,
once per month of production, one chamber is fully
characterized (pumping speed, surface capacity, CH4 and Kr
outgassing).

5. Conclusions

NEG film coatings that can be activated at temperatures
compatible with most of the structural materials used in UHV
applications were obtained by simultaneous sputtering of Ti, Zr
and V. The favourable activation properties are correlated with
nanometric grain size. After activation, the Ti—Zr—V film
coated on the whole inner surface of vacuum chambers assures
distributed pumping and, due to its clean surface, low particle
induced desorption yields and secondary electron yield. These
benefits provide an ideal application of Ti—Zr—V coatings in
the vacuum systems of particle accelerators. In the LHC, the
next CERN particle accelerator, this pumping solution will be
extensively applied in the 6 km of the long straight sections. In
order to comply with the installation planning, a dedicated
sputtering system is now operational and produces in average
20 vacuum chambers per week.

The commissioning and the operation of the LHC will
provide additional data on the behaviour of this pumping
technology, which will be useful for all the vacuum and
accelerators community.
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