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Abstract: The laser processing method has proven to produce surfaces while ensuring a low secondary
electron yield of oxygen-free high-conductivity copper (OFHC) samples, making it attractive for
electron cloud mitigation in next-generation particle accelerators and neutron tubes. In this work,
the laser processing method is proposed to OFHC targets for the first time, aiming to reduce the
secondary electrons in the neutron tube. The secondary electron yields (SEYs) and the thermal
conductivities of Ti film and quaternary Ti–Zr–V–Hf films with unprocessed and laser processed
OFHC substrates are investigated. Our results highlight that the thermal conductivity of Ti film with
laser processed OFHC substrates is in proximity to the cleaned bare OFHC sample, especially at high
temperatures. Moreover, the SEY of coated OFHC substrates are higher than that of coated laser
processed substrates, which indicates the better secondary electron suppression capability of coated
laser processed substrates. Therefore, the thermal conductivity and SEY results illustrate that the
application of Ti and Ti–Zr–V–Hf coated laser processed OFHC can be considered to improve the
neutron yield in neutron tubes in the future.

Keywords: laser processing; secondary electron yield; film coating

1. Introduction

Sealed neutron tubes are widely used in neutron logging, neutron radiography, the cargo security
system of ports, airports, and stations due to the advantages of safety, miniaturization, portability,
good tightness [1–3], etc. For the sake of improving the nuclear reaction efficiency and reducing the size
of neutron tubes, several methods were adopted, for example, the secondary electrons suppression [4],
the deuterium or tritium absorption capabilities enhancement [5], and vacuum stability promotion [6].

The suppression of secondary electrons will benefit the reduction of the power and current on
the target and the alleviation of the power load, thus improving the heat dissipation capability of the
target and the stability of neutron tubes [7]. Several methods have been utilized in neutron tubes for
the purpose of secondary electron suppression, including the Faraday cup, magnetic field mitigation,
applying biased voltage between the accelerator electrode and the target, introduction of resistance,
and the combination of the Faraday cup with the biased voltage method [8]. The main disadvantage of
these methods is that they occupy the space of the neutron tube. In addition, some of these methods,
such as the Faraday cup method, actually exhibit inadequate secondary electron suppression effects.
The laser processing method proposed by Reza et al. [9] is a novel way for the secondary electron
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suppression, having the benefits of not needing to introduce additional components, low cost, etc.
In this work, laser processed oxygen-free high-conductivity copper (OFHC) is proposed to mitigate the
secondary electron emission.

Ti film coating is traditionally used in the sealed neutron tubes to absorb hydrogen and its isotopic
molecules [10]. Ti film can store hydrogen isotopes steadily with high capacity at room temperature
via the formation of metal hydrides, e.g., titanium and hydrogen isotopes, to adsorb more deuterium
or tritium on the target. Consequently, Ti film coating can provide sufficient reaction materials for
nuclear reactions [11]. To further improve the nuclear reaction efficiency and working stability of
neutron tubes, it is necessary to develop a novel film coating for the neutron target. Malyshev et al. put
forward that Ti–Zr–V–Hf film coatings have the lowest activation temperature (~140 ◦C) and higher
pumping speed and capacity for H2 than previous binary and ternary alloys film coating getters [12–14].
From the perspective of maintaining the vacuum stability in a long-running process, Ti film as a kind of
essential getter is usually applied in the neutron tubes. However, there is no report on the application
of novel quaternary Ti–Zr–V–Hf non-evaporable getter film coatings in sealed neutron tubes. On the
other hand, the thermal conductivity of the Ti–Zr–V–Hf film coated substrate is a key factor which
can affect the overall heat transfer performance of the target and the operating life of neutron tubes.
Thus, the thermal conductivities of Ti–Zr–V–Hf film will be investigated and compared to the Ti film
with laser-treated and untreated OFHC substrates in this work.

The working temperature of the neutron target is usually over 150 ◦C [15,16] so the deuterium
gas absorbed in the film can desorb on the film surface of the target. This kind of desorption can
reduce the energy loss of D+ and consequently improve the nuclear reaction and neutron yield.
To improve the neutron beam quality, enhance the operating life, and reduce the volume of neutron
tubes further, the combination of the laser processing method and the single metal and quaternary
alloy film coatings is proposed in this paper for the first time. Quaternary Ti–Zr–V–Hf coating with a
lower activated temperature of ~150 ◦C is proposed to be applied in neutron tubes to improve the
hydrogen/deuterium/tritium pumping property. The secondary electron yields, surface morphologies,
surface chemistry, and thermal conductivities of Ti film and Ti–Zr–V–Hf film coatings with untreated
OFHC and laser processed OFHC substrates were investigated and analyzed.

2. Experiments and Methods

2.1. Sample Preparation

Laser processing was carried out to produce nano/micro structures on the surface of OFHC by
a line hatched pattern, with a laser spot of 15 µm, a pitch spacing of 15 µm, a laser power of 16 W,
and a scanning speed of 20 mm s−1. After laser processing, treated OFHC samples with a size of
10 mm × 10 mm × 0.5 mm were cleaned in absolute ethyl alcohol and acetone for 15 min, respectively.
Then Ti and Ti–Zr–V–Hf films were deposited on these untreated OFHC and laser processed OFHC
substrates by the direct current (DC) magnetron sputtering method. The details of the samples in
this work are shown in Table 1. Specifically, after laser processing sample #1 was taken for secondary
electron yields (SEY) measurement without ultrasonic cleaning.

Table 1. Sample information in this study.

Sample Film Coatings Substrates δmax Emax/eV Average Roughness/µm

#1 Without film laser processed OFHC 0.99 1700 7.143
#2 Ti OFHC 1.49 200 0.110
#3 Ti–Zr–V–Hf OFHC 1.37 300 0.131
#4 Ti laser processed OFHC 1.34 400 6.842
#5 Ti–Zr–V–Hf laser processed OFHC 1.18 400 6.902
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2.2. Film Deposition

The background pressure and working pressure during film deposition was ~5.8 × 10−4 Pa and
0.5 Pa, respectively. The discharge power during film deposition was 300 W, with the Ar gas flow of
20 Sccm. For the deposition of Ti–V–Hf–Zr film, Ti–V–Hf–Zr quaternary alloy targets were used in this
work, as the Ti–V–Hf–Zr film prepared by alloy targets has been reported to have higher pumping
sticking probability and capacity than that prepared by twisted wire targets [13].

2.3. Characterization Method

Here, the thickness of OFHC substrates used for thermal conductivity measurements was 2.5 mm,
with diameters of 12.7 mm. The specific heat and thermal diffusivity were measured by a NETZSCH
LFA 467 Hyper Flash system from 25 ◦C to 300 ◦C, with the acquisition rates of the temperature sensor
at 2 MHz. To increase the absorptivity and emissivity of the sample, graphite was coated on both sides
of the sample before thermal conductivity measurements. Thermal conductivity (W m−1 K−1), λ, of the
sample can be calculated via the following equation:

λ(T) = α(T)·cp·ρ(T) (1)

whereα(T) is the thermal diffusivity (mm2 s−1), cp is the specific heat capacity (J g−1 K−1), and ρ(T) is the
bulk density (g cm−3). The density of the sample was measured by Archimedes’ method. The thermal
diffusivity accuracy of NETZSCH LFA was about ±3%. The accuracy of thermal conductivity was
around ±5%, which was influenced by the accuracy of thermal diffusivity, specific heat capacity,
and bulk density.

The surface microstructures were investigated by A JEOL 7800F Schottky field scanning electron
microscopy (SEM). Surface roughness characteristics of the samples were obtained using LEXT
Olympus OLS4000-SU laser scanning confocal microscopy (LSCM). The Brunauer–Emmett–Teller (BET)
surface areas of the laser treated and untreated OFHC before and after film deposition were analyzed
by a BELSORP-Max instrument (MicrotracBEL, Osaka, Japan). The samples were outgassed at 383 K
for 6 h in the vacuum. The surface chemical properties of the samples were determined via an AXIS
Ultrabld X-ray photoelectron spectroscopy (XPS) with monochromatized Al Ka Xray source. The SEY
properties were characterized under normal incidence using a dedicated SEY measurement device
which was introduced in Reference [17]. The electron dose for SEY tests was about 7 × 10−6 C cm−2,
with an electron beam spot size of ~1 mm.

3. Results and Discussion

3.1. SEM and XPS Results

In the neutron tube, the Ti film thickness on the target is generally larger than 1 µm [18,19]. This is
because the mean free path of D+ is about 0.75–1.03 µm for energy of primary D+, varying between
100 keV and 150 keV. In this work, the film coating thickness with untreated OFHC substrates was
2.20 µm, as shown in Figure 1.

Generally, surface topography could influence the SEY of the samples. Rougher surfaces may
contribute to the decrease of SEY [20]. Thus, SEM topographies of laser treated and untreated OFHC
samples before and after film depositions were investigated.

The SEM micrographs with 30,000×, 10,000× and 1000×magnification of Ti-Zr-V-Hf film with
SEM micrographs with cleaned laser processed OFHC substrates are shown in Figure 2. The SEM
microstructures of these two kinds of films deposited on the untreated and cleaned laser treated OFHC
substrates are analyzed, as shown in Figures 2 and 3.

The surface of Ti and Ti–Zr–V–Hf films with cleaned laser processed OFHC substrates was
obviously rougher than the ones with cleaned OFHC substrates. The specific surface area of cleaned
OFHC was 1.74 m2/g. Moreover, the specific surface areas of the Ti and Ti–Zr–V–Hf coated cleaned laser
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processed OFHC substrates were 4.42 m2/g and 4.93 m2/g, respectively, and that of Ti and Ti–Zr–V–Hf
coated cleaned OFHC substrates were 2.41 m2/g and 2.52 m2/g, respectively. Thus, the specific surface
area results were basically in accord with the SEM results.
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Figure 1. FIB-SEM (Focused Ion beam-scanning electron microscope) fracture morphology of Ti film
coating with untreated oxygen-free high-conductivity copper (OFHC) substrate.
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Figure 2. The SEM (Scanning electron microscope) micrographs of the Ti–Zr–V–Hf and Ti film coatings
with cleaned laser processed OFHC substrates. (a–c) are the SEM images of Ti–Zr–V–Hf film coatings.
(d–f) are the SEM images of Ti film coatings.

The rougher surface contributed to the SEY decrease of Ti and Ti–Zr–V–Hf films with cleaned
laser processed OFHC substrates in contrast to the ones with untreated substrates. The grain size of
Ti–Zr–V–Hf film was smaller than the one of Ti film. The morphologies of Ti–Zr–V–Hf and Ti film
coatings with cleaned laser processed OFHC substrates indicate the presence of sphere/island-like
structures entrenched within uneven pores. For Ti film, this kind of sphere/island-like structures
comprise tens of nanometer-sized, sphere-like grains with sizes ranging from 20 to 100 nm.

Figures 2a and 3a reveal that the grains of Ti-Zr-V-Hf film are globular-like structures, while the
ones of Ti film in Figure 2d are squamous-like structures. The difference in grain structures may be
caused by the sputtered target atoms. When the view field is 27.7 µm, the surface textures of Ti-Zr-V-Hf
and Ti film coatings showed in Figure 2b,e are columnar-like structures. It can be speculated that
the curves formed after laser processing play an essential role in microstructural evolution during
film deposition. Rougher film coating surfaces were obtained with laser processed OFHC substrates,
which contribute to the SEY reduction of Ti-Zr-V-Hf and Ti film coatings.

The surface average roughnesses (Ra) of bare OFHC and laser treated OFHC were 0.189 µm and
7.143 µm, respectively. As shown in Table 1, the surface roughnesses of Ti film and Ti–Zr–V–Hf film on
bare OFHC substrates were 0.110 µm and 0.131 µm, respectively. When the substrates were cleaned
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laser treated OFHC, the surface roughnesses of Ti film and Ti–Zr–V–Hf film were 6.842 µm and 6.902 µm,
respectively. It can be concluded that the surface roughnesses of film-coated substrates decreased
slightly compared to that of uncoated ones. Moreover, the surface roughnesses of Ti–Zr–V–Hf films
were slightly higher than that of Ti films, but lower than that of the substrates.
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Figure 3. The SEM (Scanning electron microscope) micrographs of the Ti and Ti–Zr–V–Hf film coatings
with cleaned OFHC substrates at different scales. Here, (a–c) are the SEM micrographs of Ti–Zr–V–Hf
film coatings. (d–f) are the SEM micrographs of Ti film coatings.

Figure 3 shows the surface morphologies of Ti–Zr–V–Hf and Ti film coatings with cleaned OFHC
substrates. It was observed that Ti–Zr–V–Hf film with cleaned OFHC substrate in Figure 3c was
denser than the one with cleaned laser processed OFHC substrate in Figure 2c. The same principle
appeared to Ti films with cleaned, untreated, and laser processed OFHC substrates. This may be
attributed to the SEY decrease of Ti films with cleaned laser processed substrate. Several researchers
reported that a rough surface could suppress secondary electron emission (SEE) dramatically [21–26].
Despite the increased emitting surface area induced by laser processing which favors SEE, a portion of
the SEE can be absorbed by the surface protrusions. The balancing effect is the partial mitigation of
SEE by absorption, to some extent resting with the surface morphology formed by laser processing,
thus synthesizing micro-structured surfaces with a high possibility to acquire low SEY surface.

As shown in Figure 4, the XPS survey spectra indicate that the ratio of Ti, Zr, V, and Hf elements is
around 2.4:2.6:1.0:1.2. It is worth noting that O and C are the two main contaminants for Ti film and
Ti–Zr–V–Hf film coatings. This can be explained because C and O elements were introduced during
air exposure and sample transfer.Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 10 
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Figure 4. The X-ray photoelectron spectroscopy (XPS) survey spectra for the surfaces of (a) Ti film and
(b) Ti–Zr–V–Hf quaternary alloy film coatings.
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3.2. SEY Results

The SEY properties of laser processed OFHC, Ti film, and Ti–Zr–V–Hf film coatings with OFHC
and laser processed OFHC substrates are shown in Figure 5. When the primary electron energy
varied between 100 and 3000 eV, the maximum SEYs (δmax) of Ti film coating and Ti–Zr–V–Hf film
coatings with OFHC substrates were 1.49 and 1.37, respectively, with the corresponding primary
energy (Emax) of 200 and 300 eV, respectively. The δmax of Ti and Ti–Zr–V–Hf film coatings with laser
processed OFHC substrates were 1.34 and 1.18, respectively. The δmax of as-received OFHC samples
were 1.6–2.0 [19,21,22] with different polish states and SEY test parameters. It can be seen that the δmax

of Ti and Ti–Zr–V–Hf film coatings with laser processed OFHC substrates are lower than the ones of
as-received OFHC samples.
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Figure 5. The secondary electron yield (SEY) of laser processed OFHC, Ti film, and Ti–Zr–V–Hf coated
laser processed OFHC substrates.

Compared to the δmax of laser processed OFHC, the ones with Ti film coating and Ti–Zr–V–Hf
film coating with laser processed OFHC increased from 0.99 to 1.34 and 1.18, respectively. The SEY
increase of Ti film coating and Ti–Zr–V–Hf film coating may relate to the sizes of the particles and
grains on the surface, and the existence of nano-size floccules formed by laser processing, etc. In other
words, the reduction of floccules-like structures formed by laser ablation and the increase of grain size
after film deposition may have contributed to the SEY increase of both films. When the substrate was
bare OFHC, the δmax of Ti film coating and Ti–Zr–V–Hf film coating were 1.49 and 1.37, respectively.
These results indicate that the δmax of Ti-Zr-V-Hf quaternary alloy film coatings with bare OFHC is
slightly lower than the one of Ti film coating with the same substrate. This can possibly be explained
because the lower δmax property of Ti–Zr–V–Hf film may be determined by the surface morphologies
and physical properties of film coatings, etc.

3.3. Thermal Conductivity Results

When the test temperature range varies between 25 and 300 ◦C, the effect of radiation heat
transfer can be neglected. Moreover, considering heat loss, the Cowan+ impulse correction was
adopted. Figure 6 displays the thermal conductivities of cleaned bare OFHC, Ti films, and Ti–Zr–V–Hf
films with untreated OFHC and laser processed OFHC in the test temperature ranging from 25 to
300 ◦C. It can be seen that the thermal conductivities of all the samples decreased gradually with the
increase of temperature. The thermal conductivities of the cleaned bare OFHC sample vary between
417.7 W m−1 K−1 and 382.3 W m−1 K−1 in the temperature range of 25–300 ◦C, which are consistent
with reported values [27–31]. For the films deposited on the untreated OFHC substrate, the thermal
conductivities of Ti films were 3.3%–10.2% higher than the Ti–Zr–V–Hf films at the same temperatures.
In comparison, the thermal conductivities of Ti films on the laser processed OFHC were 6.3%–20.1%
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higher than the Ti–Zr–V–Hf films with the same substrates. Additionally, the thermal conductivity
differences between Ti and Ti–Zr–V–Hf films increased gently with the increase of test temperature.
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Figure 6. The thermal conductivities of laser processed OFHC, Ti film, and Ti–Zr–V–Hf coated laser
processed OFHC substrates.

When the substrates are the same, the thermal conductivities of Ti films are higher than the ones
of Ti–Zr–V–Hf quaternary alloy films. The structural disorder degree of Ti–Zr–V–Hf films are higher
than that of Ti film, which may contribute to the thermal conductivity difference [27,32–34]. In addition
to the film composition, the laser processing also influences the thermal conductivity but the roles
are complicated. Laser processing treatment significantly reduces the thermal conductivity of the
bare cleaned OFHC. However, in the presence of coatings, laser processing on the OFHC substrate
becomes beneficial.

Figure 6 shows that the thermal conductivities of Ti films with cleaned laser processed OFHC
substrates are higher than the ones with cleaned OFHC substrates. In particular, when the test
temperatures are 250 and 300 ◦C, respectively, the thermal conductivities of cleaned OFHC and Ti films
with cleaned laser processed OFHC substrates are very close. Concurrently, the thermal conductivities
of Ti films with cleaned laser processed OFHC substrates are higher than the ones with cleaned OFHC
substrates. However, the thermal conductivities of Ti–Zr–V–Hf films with cleaned untreated OFHC
and laser processed OFHC substrates are equivalent to a certain degree.

Interface bonding plays a pivotal role in the thermal conductivities of Ti and quaternary alloy
Ti–Zr–V–Hf films with cleaned OFHC substrates. The mechanism of the effect of interface bonding
on thermal conductivity has been reported by other scholars [35]. Higher disorder degree results
in low thermal conductivities for the quaternary alloy with respect to Ti film. The results confirm
that cleaned laser processed OFHC substrates coated with Ti has a positive effect on the thermal
properties compared with Ti film on cleaned OFHC substrates. It can be speculated that the interface
bonding of Ti film with cleaned OFHC substrates is worse than the one with cleaned laser processed
OFHC substrates. This can be attributed to the thermal conductivity increase of Ti film with cleaned
laser processed OFHC substrates. Nevertheless, the disorder degree of Ti film is lower than the
one of Ti–Zr–V–Hf film. The coupling effect of interface bonding and disorder degree results in the
thermal conductivity difference for Ti and quaternary alloy Ti–Zr–V–Hf films with different kinds
of OFHC substrates. In other words, the porous layer is formed on the surface of the substrate after
laser processing, which can induce thermal conductivity reduction to some extent. However, the
porous structure interface with film coating may improve the thermal conductivity of coated laser
processed samples.

After laser processing, the surface areas of as-received OFHC substrates increased with respect
to untreated ones. The increased surface areas can effectively flatten the power density distribution
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for neutron tubes. For single metal Ti films, the laser processing technique can improve the thermal
conductivities by 3.5%–11.5% as shown in Figure 6. Laser processing can reduce the thermal
conductivities of film coatings at a certain degree, while film deposition can improve the thermal
conductivities of film coatings, especially at high test temperatures. It can be explained that the surface
porous structures formed by laser processing were filled by coatings which benefit the improvement of
thermal conductivity.

The hydrogen pumping property of Ti–Zr–V–Hf film is better than the one of Ti film as reported
by Malyshev et al. [13,36]. Theoretically, the deuterium and tritium pumping properties of Ti–Zr–V–Hf
film are superior to the ones of Ti film [37]. Hence, combined with the laser processing method,
the Ti–Zr–V–Hf film with laser processed OFHC substrates may improve the neutron yield in neutron
tubes effectively. The validity and related mechanism of Ti–Zr–V–Hf film with laser processing OFHC
targets in neutron tubes requires further systematic study.

4. Conclusions

In conclusion, the thermal conductivity of Ti film with cleaned laser processed OFHC substrates
was 3.5%–11.5% higher than the one with as-received OFHC substrates. Moreover, the δmax of Ti film
with cleaned laser processed OFHC substrates was lower than the one with untreated cleaned OFHC
substrates, when the energy of the primary electrons varies between 100 eV and 3000 eV. By comparing
the thermal conductivity of Ti film with laser treated and untreated OFHC substrates, we have found
that the laser processed technique is an effective way to improve the thermal conductivity and reduce
the SEY of Ti film. Secondly, the thermal conductivity of Ti film cleaned laser processed OFHC is very
close to the one of the cleaned OFHC, especially at a high test temperature (200–300 ◦C). The thermal
conductivity of laser processed OFHC may be related to the thickness of film coatings and laser
parameters, such as laser power, pitch spacing, etc. For the application of the laser ablation method
in the neutron tube, high thermal conductivity and low SEY properties are preferable. Finally, based
on the experimental results on SEY and thermal conductivity, the application of the laser processed
method to obtain low SEY and a high thermal conductivity surface should be considered in target
surface treatment of neutron tubes in the future.
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