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Abstract

We describe the procedure to manufacture a model of a cylindrical RF cavity made in copper and
coated with a 100 nm thick layer of molybdenum trioxide. The device is 100 mm long, has an internal
diameter of 60 mm and an external diameter of 80 mm. The cylindrical device was carefully divided
into four sections to make possible the coating on the internal curved surfaces polished to a
roughness < 10 nm. The molybdenum trioxide has been deposed utilizing a thermal evaporation
technique with a dedicated high vacuum chamber equipped with a high-temperature Alumina
crucible working in the temperature range of 400° - 600° C.



1. Introduction

One of the most exciting areas of research and development in the rapidly advancing field of
technology is the improvement of the performances of RF cavities. This technological research is
primarily driven by the need to operate accelerators at higher gradients [1]. RF devices functioning
at gradients exceeding 100 MV/m or higher hold great promise for the forthcoming generation of
linear accelerators intended for research purposes. Moreover, they have significant potential for
designing more compact and cost-effective industrial equipment, particularly in sectors like
biomedical and security.

To enhance well-established RF technologies based on copper devices, our research focus shifted
towards improving the properties of OFHC copper coated with Transition Metal Oxides (TMO)
layers. Among these oxides, our studies were focused on MoOs3 oxide, a very hard transition metal
oxide with one of the highest melting points and highest work functions. The MoOs coating has the
potential to improve the performances of RF acceleration devices by minimizing field emission,
breakdown rates, and thermal damage when subjected to high electric fields [2,3].

In order to reduce the breakdown rate (BDR), different strategies have been proposed. On one hand,
there is prospect on engineering the next generation of the electron sources at higher frequencies
to reduce the time pulse and thus the pulse heating. The use of non-annealed harder copper alloys
(CuAg, CuCr, and CuZr) could also mitigate the surface damage induced by breakdowns. However,
the relatively low work function of copper may simply trigger the breakdown. Indeed, it has been
demonstrated that dark current beam loading plays a fundamental role in the degradation of Qo. [4]
A possible route to reduce the Fowler-Nordheim (FN) currents [5] consists in using coatings
characterized by a high work function (WF). TMO are an interesting option to reduce the FN currents
as the possible solution to other fundamental and technological issues related to physical and
chemical surface processes. The WF in TMOs is correlated with the average cation oxidation state
[6] so subtle deviations on the stoichiometry may tune the WF appreciably. Among TMOs, the
molybdenum trioxide MoOs, in the form of thin films grown at room temperature on polycrystalline
Cu, exhibits interesting properties for coating high gradient accelerating structures [2]: (i) they
exhibit amorphous orthorhombic phase (a-MoQs), characterized by a higher WF with respect to
copper; (ii) the transport properties may be tuned by varying the film thickness. While coating layers
of (30 to 300) nm show metallic behaviour, thicker films behave as semiconductors or insulators.

In previous works we studied the impact of a high electric field on RF devices on coated surfaces.
We tested coatings using intense, coherent THz radiation by using the ISIR Free Electron Laser (FEL)
at Osaka [3,7]. With the ISIR we applied to coated and uncoated samples electric fields as high as 5
GV/m. In this research, we showed that the damage increases for increasing incidence angles with
multiple shots (>103) and the fluence of 12.7 J/cm? per pulse. We estimated the increase of the
temperature of the copper surface pointing out that the increase in absorption at high incidence
angles may cause damage and oxidation and for incidence angles >20, the temperature can be
higher than the melting temperature of copper, in agreement with previous reports in the optical
frequency range [8,9]. We also showed for the first time the occurrence of an angular dependent
reproducible damage induced by THz multiple high-intensity pulses on metallic copper surfaces, a
damage explained in terms of a fast local temperature increase, neglecting electric-related effects,



e.g., discharges and/or breakdowns occurring in air due to the strong electric field applied [10]. This
work also pointed out the need to characterize better the observed damage patterns and their
dynamics following multiple irradiation procedures. This innovative method to test in a reliable and
controlled way the damage induced on a smooth surface offers the way to test accelerating cavities
and RF devices like that described in this note for a cylindrical device coated with a thin molybdenum
oxide layer.

2. Experimental layout
Cylindrical cavity coating

In our study we started with a copper cylindrical device, similar to the body of a typical RF cavity,
measuring 100 mm in length, with an internal diameter of 60 mm and an external diameter of 80
mm. The cavity was carefully cut into four identical sections (90° each) to facilitate the coating
procedure. We have to underline here that the cutting reduces the dimension of the structure of
few mm. Reassembling the device, i.e, welding the four sections together you cannot reproduce the
original cylindrical shape. However, there are solutions, e.g, starting from two identical cylinders cut
with different dimensions to obtain four identical parts suitable to obtain by welding a device with
the precise internal and external diameters.

Prior to coating, each section underwent an accurate surface preparation procedure. Initially,
surface imperfections were eliminated through polishing. Subsequently, diamond milling was
employed to achieve a surface roughness < 10 nm, a critical parameter for the use of this device as
cavity with high performance (Figure 1).

Figure 1: Left: CAD draft of the mount device used for the milling process of the copper sections. Right: Photo of one
of the copper sections after the polishing and the diamond milling processes.

Polished polycrystalline Cu substrates with a nominal roughness <25 nm were first cleaned with
acetone and isopropanol sonic baths for 10 min each. Pure MoOs (99.999%) powder from Sigma
Aldrich was used to grow the MoOs oxide films. Powder was heated up to 600 °C in a tungsten
crucible inside the evaporation chamber with a base pressure of 10 mbar. In order to anneal the
coating without oxidizing the copper substrate, a heat treatment in a low vacuum environment was
performed, with a base pressure of 5x107! mbar. Our setup allowed us to reach a temperature of
up to 500 °C in less than 10 minutes, with a constant heating rate of ~1° C/sec. After a brief



temperature decrease, the samples were exposed to air at 200 °C to increase the amount of oxygen
in the film [11]. The copper sections (with flat or curved surfaces) were loaded in the upper part of
the chamber with the internal surfaces facing the crucible at the distance of ~400 mm. A mechanical
shutter inside the HV chamber allows the control of the evaporation flux. The method ensured a
uniform coating across the surfaces, providing a transparent metallic layer to the copper substrate,
with a WF higher than that of the copper surface. [6] The chamber has been tested it has reached a
limit vacuum of 8 10" mbar and has been tested at a maximum temperature of 600° C.
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Figure 2. Left: Photo of the system used to evaporate MoOs layers. The HV deposition chamber in the bottom hosts
the solid phase Al,0s-crucible, while in the top are mounted the substrates to be evaporated. Right: Typical Raman
spectrum of a MoOs film (100 nm thick) deposed on a copper substrate.

In order to check the quality of the evaporated films, sections were characterized by Raman
spectroscopy, an easy and reliable technique to identify the chemical composition of a surface.
Measures were performed with a green laser (532 nm) with a 20x magnification objective and a 5
um diameter spot on several point of (flat and curved) surfaces. In Figure 2 (right panel) is showed
the Raman spectra of the MoOs deposited on one of the copper sections. The spectra with a wide
Raman peak at about 800 cm™ is characteristic of a disordered phase of the MoOs.

Following the successful application of the MoOs3 coating, the four sections were reassembled. The
Tungsten Inert Gas (TIG) welding procedure was employed to fuse the edges of the sections
together, a process crucial for maintaining the device's structural integrity.

During the assembly procedure, the temperature control was of paramount importance to prevent
any potential damage to the device induced by temperature. Indeed, we evaporated the oxide at
~600 °C, but evaporations of MoOs can start also at temperatures between 500° to 550° C. As a
consequence, to avoid the evaporation of the oxide film deposed on the internal surface of the
device and relevant additional annealing, the entire welding process has been performed at a much
lower temperature. As shown in Figure 3 a type Kthermocouple was attached to the copper sections
to provide real-time temperature feedback. The welding process was executed while ensuring the
copper device's temperature remained below 150° C.



As clear from the graph in Figure 4, where it is shown the temperature evolution during the welding
process, the temperature measured near the welded sections rosed up to 148° C and was kept
around that value during the entire procedure, which lasted around 20 s.

Figure 3. Photo showing the TIG welding process of the copper coated sections realized with the support of Co.Me.B..
A thermocouple near the welded part monitors the temperature increase during the welding process.
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Figure 4. Plot showing the temperature evolution of the welding process measured in the location showed in Figure 3.

All of four sections were successfully welded together to obtain the original cylindrical structure
with the internal surface coated by the thin layer of molybdenum oxide.

The two images in Figure 5 clearly show the assembled device where it is possible to recognize the
welded regions on the external surface of the copper device and the mirror-like finish of the internal
surfaces due to the transparent oxide films that was preserved during the welding procedure. It is
clear that this device is not a cavity, but the entire procedure, from the evaporation to the welding



has been tested and the success of the different steps guarantees the feasibility of the procedure
to assembly a closed copper-based RF cavity with internal surfaces coated by MoOs.

Figure 5. Two photographs of the cylindrical device 100 mm long after the welding procedure.

Conclusions

In this report we describe the procedure that allowed to manufacture a model of a cylindrical RF
cavity made in copper coated with a thin layer of transparent metallic molybdenum trioxide film
~100 nm thick. The device showed in Fig. 5 is 100 mm long and has an internal diameter of 60 mm.
To allow the evaporation the device was cut into four sections later polished to a roughness < 10
nm. The molybdenum trioxide has been deposed on the four curved sections by thermal
evaporation using a dedicated HV chamber and Alumina crucible working at the temperature
greater than 450° C.

The described methodology and the mirror-like images of the coatings on the internal surface of the
copper device, i.e., with a roughness higher of the copper surface, show that mechanical and
thermal processes can be combined to manufacture a coated copper cavity in order to enhance the
performance of a foreseen RF device. Analysis recently published [12] demonstrated the potential
effectiveness of molybdenum thin films, which only slightly affects the accelerating cavity quality
factor, with a very low sensitivity to thickness and resistivity inhomogeneities.

This research demonstrates that the combination of accurate substrate polishing, controlled coating
deposition, and careful mechanical cut and welding, together with a stringent temperature control
may guarantee the robustness and efficacy of the entire procedure.
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