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Abstract
Non-evaporable getter (NEG) thin films are essential for

achieving ultra-high vacuum in the narrow-bore chambers.
Pd/Ti bilayer NEG thin films were deposited on oxygen-
free copper and silicon substrates by DC magnetron sput-
tering. The microstructure and elemental distribution were
characterized by scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS). The films ex-
hibit a cauliflower-like surface morphology and a columnar
cross-sectional structure, providing a high specific surface
area and effective pathways for gas diffusion. The pumping
speed for H2 was evaluated using the constant-pressure dy-
namic flow method after activation at 150 °C for 12 h. The
pumping speed decreases from 0.13 to 0.02 L s−1 within
a pumped quantity range of 1 × 10−5 - 6.5 × 10−3 Pa L. A
non-monotonic variation in pumping speed was observed,
which is attributed to hydrogen adsorption, dissociation on
the Pd surface, and subsequent diffusion into the Ti layer
for hydride formation. The results demonstrate that the Pd
overlayer effectively enables low-temperature activation and
enhances hydrogen sorption behavior, indicating that Pd/Ti
NEG thin films are promising candidates for ultra-high vac-
uum applications in accelerator systems.

INTRODUCTION
The fourth-generation synchrotron radiation storage rings

employ a Multi-Bend Achromat (MBA) lattice to achieve
ultra-low emittance and ultra-high brightness, which are
commonly referred to as diffraction-limited storage rings
(DLSRs) [1]. This design necessitates small magnetic aper-
tures and narrow-bore vacuum chambers integrated within
the magnets. Conventional lumped pumping schemes are in-
sufficient to provide the ultra-high vacuum (UHV) required
for stable beam operation. To meet these UHV require-
ments, non-evaporable getter (NEG) thin films are typi-
cally deposited on the inner surfaces of the vacuum cham-
bers [2]. NEG films can effectively suppress thermal out-
gassing from the chamber walls while simultaneously pump-
ing residual gases without occupying additional space. Fur-
thermore, NEG films exhibit low photon-stimulated des-
orption (PSD), low electron-stimulated desorption (ESD),
and low secondary electron yield (SEY) [3, 4]. Since its
development at CERN [5], NEG thin film technology has
been widely adopted in particle accelerators, including LHC,
ESRF, MAX IV, Diamond, and HEPS.

Activated NEG films exhibit strong physical and chemical
sorption capabilities, effectively capturing reactive gases
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such as H2, CO, CO2, and H2O. However, upon exposure to
air, the film surface readily oxidizes to form a passivation
layer, resulting in the loss of pumping capacity. Activation
is essential for restoring the sorption performance of NEG
thin films and is typically achieved by annealing under high
vacuum (HV) or UHV. This thermal treatment promotes the
desorption of surface oxides and their diffusion into the bulk,
thereby removing the passivation layer and regenerating
active metallic surfaces [6].

Due to its excellent oxidation resistance, a palladium (Pd)
overlayer can be deposited on titanium (Ti) films to sup-
press oxidation of the underlying layer, thereby enabling a
reduced activation temperature for Pd/Ti NEG thin films.
Pd/Ti films were deposited on copper and silicon substrates
by magnetron sputtering. The microstructure of the films
was characterized, and the H2 pumping speed was evaluated
after activation by baking at 150 °C.

EXPERIMENTAL PROCEDURES
Sample Preparation

Pd/Ti films were deposited on oxygen-free copper (OFC)
substrates (20 mm × 20 mm × 1 mm) and silicon substrates
(10 mm × 10 mm × 1 mm) by DC magnetron sputtering in an
argon atmosphere. Prior to deposition, the OFC substrates
were subjected to acid cleaning followed by ammonium
citrate passivation, while the silicon substrates were ultra-
sonically cleaned in acetone. After cleaning, all substrates
were dried with high-purity nitrogen gas. High-purity Ti
(99.99%) and Pd (99.95%) targets were used. The Ti target
was sputtered at a current of 0.6 A for 4 h under a working
pressure of 2 Pa, followed by Pd deposition at a current of
0.15 A for 5 min under the same pressure. During depo-
sition, the Ti target was replaced by the Pd target in situ
without breaking vacuum. The thicknesses of the Ti and
Pd layers were approximately 433 nm and 56 nm, respec-
tively. The main characteristics of the Ti and Pd/Ti films are
summarized in Table 1.

Table 1: Deposition parameters for Pd/Ti thin films

Film Working
pressure

Work-
ing

current

Work-
ing gas

Thick-
ness

[Pa] [A] [nm]

Ti 2 0.6 Ar 433
Pd 2 0.15 Ar 56

Microstructure Characterization
The surface morphology and cross-sectional thickness of

the films were characterized using a Gemini 500 scanning
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TFigure 1: Schematic diagram of the pumping speed experimental setup based on the constant-pressure dynamic flow

method.

electron microscope (SEM). Energy-dispersive X-ray spec-
troscopy (EDS) attached to the SEM was used to analyze
the elemental composition and distribution across the film
cross-section.

Pumping Speed Measurement
The pumping speed of the Pd/Ti thin films for H2 was

measured using the constant-pressure dynamic flow method,
as schematically shown in Fig. 1. The experimental setup
primarily consisted of a sample chamber, a loading cham-
ber, a calibrated orifice with known conductance, an in-
jection chamber, vacuum valves, a pumping station, and
high-precision vacuum gauges. To achieve UHV conditions,
the loading and injection chambers were baked at 200°C
for 48 h. The sample chamber was not baked during this
stage; subsequently, the Pd/Ti films within the sample cham-
ber were activated at 150°C for 12 h. After activation, the
angle valves isolating the pumping system from the load-
ing and injection chambers were closed. The test gas was
then introduced into the injection chamber through a needle
valve. During the measurement, the pressure in the loading
chamber was maintained within the range of 1 × 10−4 Pa
- 1 × 10−3 Pa as possible by continuously modulating the
needle valve to ensure a steady-state pressure throughout the
testing process.

The pumping speed 𝑆 (L s−1) of the getter thin film was
calculated as:

𝑆 = 𝐶 ⋅
𝑃𝑖𝑛𝑗 − 𝑃𝑙𝑜𝑎𝑑

𝑃𝑙𝑜𝑎𝑑
(1)

where 𝐶 is the conductance of the orifice, and 𝑃𝑖𝑛𝑗 and
𝑃𝑙𝑜𝑎𝑑 are the pressures in the injection and loading chambers,
respectively.

The cumulative amount of gas adsorbed by the getter film,
𝑄(𝑡), was calculated as:

𝑄(𝑡) = ∫
𝑡

0
𝐶[𝑃𝑖𝑛𝑗(𝑡) − 𝑃𝑙𝑜𝑎𝑑(𝑡)]𝑑𝑡 (2)

where 𝑃𝑖𝑛𝑗(𝑡) and 𝑃𝑙𝑜𝑎𝑑(𝑡) are the time-dependent pressures
in the injection and loading chambers, respectively.

RESULTS AND DISCUSSION

Surface and Cross-Section Morphologies
Figure 2(a) shows the surface morphology of the Pd/Ti

film, which exhibits a cauliflower-like structure. The cross-
sectional shape of the Pd/Ti film, as depicted in Fig. 2(b),
exhibits a columnar structure, which provides effective path-
ways and storage sites for gas diffusion and adsorption. Com-
pared with dense films, the columnar structure provides a
higher specific surface area, which is beneficial for getter
performance by enhancing gas adsorption and diffusion ki-
netics.

Figure 2: Surface (a) and cross-sectional (b) morphology
SEM images of Pd/Ti film

Figure 3 shows the cross-sectional elemental distributions
obtained by EDS, indicating that Pd is uniformly distributed
in the top layer, while Ti dominates the underlying layer. This
result confirms the successful formation of a Pd overlayer
on the Ti film.

Figure 3: The cross-sectional EDS images of Pd/Ti film
(a)Ti,(b)Pd
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Pumping Speed
Figure 4 shows the pumping speed of the Pd/Ti thin film

for H2 after activation at 150°C for 12 h. Within the pumped
quantity range of 1 × 10−5 to 6.5 × 10−3 Pa L, the pumping
speed ranges from decreases from 0.13 to 0.02 L s−1.

At the initial stage of H2 exposure, the pumping speed
exhibits a sharp decrease to approximately 0.067 L s−1,
followed by a transient recovery to 0.076 L s−1,and sub-
sequently decreases gradually to 0.02 L s−1. This non-
monotonic behavior is attributed to the hydrogen transport
in the Pd/Ti bilayer structure [7]. After surface adsorption
and dissociation on Pd, hydrogen atoms diffuse through the
Pd overlayer and are absorbed by the Ti layer, where sta-
ble hydrides are formed.The initial decrease is associated
with rapid surface coverage, while the subsequent increase
suggests enhanced hydrogen diffusion into the Ti layer after
activation of diffusion pathways through the Pd overlayer.

Figure 4: Pumping speed of the Pd/Ti film

CONCLUSION
Pd/Ti bilayer NEG thin films were successfully deposited

by DC magnetron sputtering, and their microstructure and
pumping speed for H2 were investigated. The films exhibit
a cauliflower-like surface morphology and a columnar cross-
sectional structure, which provide an increased specific sur-

face area and facilitate gas diffusion.After activation at a low
temperature of 150 °C, the Pd/Ti films demonstrate effective
pumping speed for H2 , with a ranging from 0.13 to 0.02
L s−1 over the tested sorption range. The observed non-
monotonic variation in pumping speed is attributed to the
combined effects of hydrogen adsorption, dissociation on
the Pd overlayer, and diffusion into the Ti layer for hydride
formation.The introduction of the Pd overlayer effectively
suppresses surface oxidation and promotes hydrogen trans-
port, enabling low-temperature activation and improved get-
ter performance. These findings highlight the potential of
Pd/Ti NEG thin films for application in ultra-high vacuum
environments, particularly in accelerator systems.
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