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Abstract 
 
We used the ISIR Free Electron Laser (FEL) of the Osaka university to irradiate with THz pulses the surface of a Cu thick 
sample and MoO3 films with different thicknesses deposited on Cu. The linearly polarized, intense and coherent THz 
radiation pulses induced extensive and visible damages as a function of the irradiation angle. This approach allowed to 
define a protocol of irradiation in order to study the damage as a function of the beam intensity, the number of shots, 
the angle of incidence and the polarization of the radiation. This irradiation procedure applies to the sample surface 
under study an electric field gradient that may reach values as high as few GV/m. This original approach makes possible 
to test in a reproducible way films or the surface of a bulk material to a high electric field gradient on a well-defined 
region of the surface. 
 
 
*now at SR Center, Research Organization of Science and Technology, Ritsumeikan University, 1-1-1 Nojihigashi, 
Kusatsu 525-8577, Shiga, Japan 



1. Introduction 

 
One of the most stimulating R&D of the accelerating technology is the developing of improved RF 
cavities. This R&D is mainly triggered by the demand to run accelerators with higher accelerating 
gradients [1]. RF devices working at gradients greater than 100 MV/m or higher could be successfully 
used for the next generation of linear accelerators planned for research applications, but much 
more to design smaller and less expensive industrial equipment, e.g., to be used in biomedical and 
food industries.  
To improve established RF technologies based on copper devices, we oriented our research to 
improve the properties of OFHC copper coated with harder and conductive coatings. DEMETRA, 
NUCLEAAR and IMPACT INFN projects, funded by 5th national scientific committee (CSN5), have 
been dedicated to the growth and characterization of thin films of Transition Metal Oxides (TMOs) 
deposited on copper to improve the surface properties of accelerating cavities [2]. These coatings 
may allow to optimize the properties of accelerating RF devices reducing field emission, breakdown 
rate, and thermal damage in the presence of high electric fields [3]. 
In order to test the damage induced by a high electric field on RF devices with coated surfaces, 
instead of assembling a real cavity and starting the long processes of cleaning, baking, conditioning 
and applying a high power to measure the effective operational performances, we developed a 
reliable measurements protocol based on the irradiation of a high intensity coherent THz radiation 
beam. We used the ISIR Free Electron Laser (FEL) in Osaka as the THz radiation source. In this way 
the beam it is intense, highly polarized and coherent [3,4].  
The testing protocol consisted in the reproducible irradiation of the sample surface by several THz 
pulses with different intensity and time structure. This approach makes possible to generate and 
measure the surface damage on a well-defined sample region and, in addition, allows to measure 
and compare copper with different coated surfaces in a reproducible way. 
We calculated that with the ISIR figures, the electric field on the sample surface may reach values 
as high as 5 GV/m, i.e., allowing to compare the aftermath of the exposure to electric fields gradients 
higher than the target electric fields required by the most demanding RF devices. 
In this contribution we present results of irradiations performed on different samples: a Cu 
substrate and different MoO3 films deposed on copper. We observed and characterized the damage 
as a function of beam intensity, number of shots, angle of incidence, and polarization of the 
radiation.  
 
2. Experimental Layout 
 
THz radiation was generated by the ISIR Free Electron Laser, a coherent source where a LINAC 
accelerates an electron beam up to 15 MeV [4]. The pulsed electron beam travels inside an 
undulator that emits radiation in the THz range. A series of optics extract the highly coherent beam 
outside the accelerator hutch, focusing it on the sample position for different kinds of experiments. 

 



Figure 1. The electron beam structure of the ISIR FEL. In the top panel is showed the macro pulse structure, in the 
center the micro pulse (20 ps long) and in the bottom the oscillating wave at 3 THz inside the micro pulse. 

As showed in Fig. 1, the time-structure of the emitted radiation is characterized by “macro” and 
“micro” pulses. The macro pulse is 4 μs long and has a repetition rate of 5 Hz. Each macro pulse 
contains 108 micro pulses (repetition rate of 27 MHz) each one 20 ps long. For these irradiation 
experiments we measured with the calibrated Coherent® energy meter the energy of a single macro 
pulse (12 mJ). The focal spot of this THz beam after the undulator and the optical system has a 
Gaussian distribution with a σ ≈ 75 µm and we estimated that 95.5% of the beam intensity lies in a 
circular spot with a diameter of ~260 µm. The electric field generated at the centre of the spot was 
estimated to be ~5 GV/m [3,4]. 
 
3. Irradiation experiments 
 
Different tests were performed on different samples to clarify if the observed damage  
 

 changes with the incidence angle; 
 varies with the beam intensity, i.e., with the macro-pulse energy; 
 depends by the number of shots, i.e., with the number of macro-pulses; 
 is affected by irradiation with s or p polarization. 

 
All tests were performed using p-polarization as depicted in Figure2, except where specified 
otherwise. In this configuration the electric field has the component perpendicular to the sample’s 
surface. In our experimental layout, the sample may rotate along the axis forming an angle α with 
the surface plane. At variance, in the s-wave configuration the electric field lies on the surface and 
is not affected by any rotation of the sample along the same axis. 
 

 
Figure 2. Representation of the three beam polarizations (unpolarized, s- and p- polarization) respect to the irradiated 
surface. The p-wave configuration (used in most of the performed tests) has the beam polarization perpendicular to 

the sample surface. When 0° < α < 90, the electric field has a component perpendicular to the surface, which is higher 
at lower angles. Using the s-wave configuration the polarization is lying in the surface plane and for any α value, the 

electric field remains parallel to the surface. 
 
4. Raman characterization 
 
After experiments samples were sent back to Italy where visible images of the irradiated areas were 
collected. The damaged areas have been analyzed ex-situ at the Laboratori Nazionali di Frascati 
using Raman Spectroscopy. With its high spatial resolution this is a suitable technique to 
characterize the observed copper damage, identifying the chemical composition of the surface point 
by point and/or mapping the damaged areas. Measures were performed with a green laser (532 
nm) with a 20X magnification objective and a 5 μm diameter spot.  
The full damaged area of any sample was visualized with Raman maps. This technique consists in 
defining a grid whose entries are different positions on the sample’s surface. For each position (i.e., 
points of the grid) a Raman spectrum is acquired. By selecting a characteristic feature of the Raman 
spectrum, e.g., the peak that corresponds to CuO or Cu2O. etc., it is possible to visualize the intensity 
distribution of any selected feature on the investigated sample surface. This approach makes 



possible to map the different chemical species distributed on the sample surface, adding spatial 
information to intensity and chemical information provided by the technique. 
To evaluate the copper damage, we looked at the oxides generated by the irradiation. Two type of 
copper oxides are mainly observed after the irradiation process: copper (II) oxide (CuO) and copper 
(I) oxide (Cu2O) [5]. Due to heating inhomogeneities in the irradiated area, the two oxides appear in 
different regions where damage occurs. In the left panel in Figure 3 we compare the two spectra of 
the copper oxides observed in two locations within the same damaged area (that showed in Figure 
7). The intensity of the peak at 230 cm-1 (black arrow) was used to study the Cu2O spatial 
distribution, while for CuO oxide we used the intensity of the peak at 300 cm-1 (red arrow) [5]. In 
the right panel in Figure 3 is reported the Raman spectra of a disordered phase of MoO3 deposited 
on Cu. We used the wide Raman peak at about 800 cm-1 to build the intensity maps of MoO3 in the 
coated samples. 

 
Figure 3. Left: comparison of the Raman spectra of the two copper oxides observed in the irradiated regions. Cu2O is 
mainly formed in the external corona surrounding the focal spot, while CuO oxide is detected in the central region. 
The red and black arrows point features used to map CuO and Cu2O distributions. Right: The Raman spectrum of a 

MoO3 film (100 nm) deposed on Cu. 
 
5. Measurements as a function of the incidence angle 
 
In this section are showed tests performed on copper and copper coated by molybdenum oxides as 
a function of the incidence angle (respect to the surface normal). All irradiations showed in this 
section have been performed at the maximum power of the ISIR FEL, i.e., with the macro pulse of 
12 mJ in the p-polarization. The total number of macro pulses illuminating the sample for each test 
i.e., the total number of shots, is set constant to 5000. In the table below are listed all tests 
performed vs. the incidence angle. 
 
Table 1: Irradiations performed as a function of the incident angle and number of shots. Highlighted in green tests 
performed on Cu while the others refer to MoO3 films on copper. 
 

Sample Incidence angle [°] Damage  Number of shots 
Cu substrate 0  Not observable 5000 

 20 yes 5000 

 40 yes 5000 

 60 yes 5000 

MoO3 85nm 0  Not observable 5000 

 20  Not observable 5000 

 40 yes 5000 

 60 yes 5000 

MoO3 100nm 40 yes 5000 

 60 yes 5000 

 
We report that for the Cu substrate and the 85 nm thick film of MoO3 for angles of incidence 0° and 
20°, no radiation damage is observed. This means that in the area we illuminated no visible damage 
has been detected. The results suggests that if damage occurs it is absent or negligible. Since the 



lack of damage is associated with small angles of incidence respect to the surface normal, the 
polarization component perpendicular to the surface is very small and the component of the electric 
field oriented perpendicular to the surface of the sample plays an important role when damage 
occurs. 
 
5.1 Irradiation of a Cu thick substrate  
 
The first characterizations refer to copper substrates about 10 mm thick. For all samples the first 
figure shows the photograph of the exposed area, while the second figure show an image of the 
central region of the damaged area combined with two Raman maps of the copper oxides detected 
in this region: the Cu2O distribution whose intensity is given by the integral of the Raman peak in 
the range 135 and 160 cm-1, and the CuO distribution whose intensity is associated to the integral 
of the Raman peak between 280 and 318 cm-1. All maps generated by this procedure, show the 
intensity as a color scale. 
 
5.1.1 Irradiation at the incidence angle of 20° 
 

 

Figure 4: Large view optical image of the damaged area (the image is ~1x1.5 mm). 

 

Figure 5: (left) Microscope image of the central region of the damaged area showed in Fig. 4, obtained with irradiation 
at 20° of incidence angle, 100% of FEL power and 5000 shots. On the central- and right-panel the two Raman maps of 

the copper oxides: the Cu2O and the CuO, respectively. 
 
5.1.2 Irradiation at the incidence angle of 40° 
 

 



Figure 6: Large view optical image of the damaged area (the image is ~1x1.5 mm). 

 
Figure 7: (left) Microscope image of the central region of the damaged area showed in Fig. 6, obtained with irradiation 
at 40° of incidence angle, 100% of FEL power and 5000 shots. On the central- and right-panel the two Raman maps of 

the copper oxides: the Cu2O and the CuO, respectively. 
 

5.1.3 Irradiation at the incidence angle of 60° 
 

 

Figure 8: Large view optical image of the damaged area (the image is ~1x1.5 mm). 

 

Figure 9: (left) Microscope image of the central region of the damaged area showed in Fig. 8, obtained with irradiation 
at 60° of incidence angle, 100% of FEL power and 5000 shots. On the central- and right-panel the two Raman maps of 

the copper oxides: the Cu2O and the CuO, respectively. 
 

5.2 MoO3 film 85 nm thick on Cu 
 
After the copper substrate we characterized molybdenum oxide films. In this section, and in the 
following for these films, the first figure shows the photograph of the exposed area, while the 
second figure show an image of the central region of the damaged area combined with Raman maps 
of CuO using the intensity of the peak at 300 cm-1 and MoO3 using the wide Raman peak at about 
800 cm-1 detected in the coated samples. 
 
5.2.1 Irradiation at the incidence angle of 40° 



 

Figure 10: Large view optical image of the damaged area (the image is ~1x1.5 mm). 

 
Figure 11: (left) Microscope image of the central region of the damaged area showed in Fig. 10, obtained with 

irradiation at 40° of incidence angle, 100% of FEL power and 5000 shots. On the central- and right-panel the two 
Raman maps of the CuO and the amorphous MoO3, respectively. 

 
5.2.2 Irradiation at the incidence angle of 60° 
 

 
Figure 12 MoO3: Large view optical image of the damage (the image is ~ 1x1.5 mm). 

Figure 13: (left) Microscope image of the central region of the damaged area showed in Fig. 12, obtained with 
irradiation at 60° of incidence angle, 100% of FEL power and 5000 shots. On the central- and right-panel the two 

Raman maps of the CuO and the amorphous MoO3, respectively. 



5.3 MoO3 film 100 nm thick on Cu 
 
5.3.1 Irradiation at the incidence angle of 40° 
 

 
Figure 14: Large view optical image of the damage (the image is ~ 1 x1.5 mm). 

 

Figure 15: (left) Microscope image of the central region of the damaged area showed in Fig. 14, obtained with 
irradiation at 40° of incidence angle, 100% of FEL power and 5000 shots. On the central- and right-panel the two 

Raman maps of the CuO and the amorphous MoO3, respectively. 
 

5.3.2 Incidence angle 60° 
 

 
Figure 16: Large view optical image of the damage (the image is ~1x1.5 μm). 

 
Figure 17: (left) Microscope image of the central region of the damaged area showed in Fig. 16, obtained with 

irradiation at 60° of incidence angle, 100% of FEL power and 5000 shots. On the central- and right-panel the two 
Raman maps of the CuO and the amorphous MoO3, respectively. 



5.4 Induced damage as a function of the incident energy 
 
In this section we show results of irradiations performed as a function of the incident energy in the 
p-polarization to investigate the dependence of the surface damage from the incident energy. To 
this purpose we tuned the energy of the macro pulse using filters that reduced the total incident 
energy by 50% and 90%.  
 
Table 2: Irradiations performed as a function of the incident energy. Highlighted in green tests performed on Cu while 
the others refer to MoO3 films on copper.  
 

Sample thickness  
[nm] 

Energy of macro 
pulse [mJ] 

Incidence 
angle [°] 

Damage Number of 
shots 

Cu substrate 12 40 yes 5000 

 6 40 yes 5000 

 1.2  40 Not observable 5000 

 12 60 yes 5000 

 6 60 yes 5000 

 1.2  60 Not observable 5000 

MoO3 100 nm 12 40 yes 5000 

 6 40 yes 5000 

 1.2  40 Not observable 5000 

 12 60 yes 5000 

 6 60 yes 5000 

 1.2  60 Not observable 5000 

 
No damage has been detected on both Cu and MoO3 film for the incident energy of 1.2 mJ, at any 
angle of incidence, a value probably too small to induce any damage. 
 
5.5 Irradiation of a Cu substrate about 10 mm thick 
 
5.5.1 Incidence energy = 12 mJ; incidence angle 40° 
 

 

Figure 18: Large view optical image of the damage (the image is ~1x1.5 μm). 

 
Figure 19: (left) Microscope image of the central region of the damaged area showed in Fig. 18, obtained with 

irradiation at 40° of incidence angle, incidence energy 12 mJ and 5000 shots. On the central- and right-panel the two 
Raman maps of the copper oxides: the Cu2O and the CuO, respectively. 



5.5.2 Incidence energy = 6 mJ; incidence angle 40° 
 

 

Figure 20: Large view optical image of the damage (the image is ~1x1.5 mm). 

 

Figure 21: (left) Microscope image of the central region of the damaged area showed in Fig. 20, obtained with 
irradiation at 40° of incidence angle, incidence energy 6 mJ and 5000 shots. On the central- and right-panel the two 

Raman maps of the copper oxides: the Cu2O and the CuO, respectively.  
 

5.5.3 Incidence energy = 12 mJ; incidence angle 60° 
 

 

Figure 22: Large view optical image of the damage (the image is ~1x1.5 mm). 

 
Figure 23: (left) Microscope image of the central region of the damaged area showed in Fig. 22, obtained with 

irradiation at 60° of incidence angle, incidence energy 12 mJ and 5000 shots. On the central- and right-panel the two 
Raman maps of the copper oxides: the Cu2O and the CuO, respectively.  



5.5.4 Incidence energy = 6 mJ; incidence angle 60° 
 

 
Figure 24: Large view optical image of the damage (the image is ~1x1.5 mm). 

 
Figure 25: (left) Microscope image of the central region of the damaged area showed in Fig. 24, obtained with 

irradiation at 60° of incidence angle, incidence energy 6 mJ and 5000 shots. On the central- and right-panel the two 
Raman maps of the copper oxides: the Cu2O and the CuO, respectively. 

 
5.6 MoO3 film 100 nm thick on Cu 
 
5.6.1 Incidence energy = 12 mJ; incidence angle 40° 
 

 

Figure 26: Large view optical image of the damage (the image is ~1x1.5 mm). 

 

Figure 27: (left) Microscope image of the central region of the damaged area showed in Fig. 26, obtained with 
irradiation at 40° of incidence angle, incidence energy 12 mJ and 5000 shots. On the central- and right-panel the two 

Raman maps of the CuO and the amorphous MoO3, respectively. 



5.6.2 Incidence energy = 6 mJ; incidence angle 40° 
 

 
Figure 28: Large view optical image of the damage (the image is ~1x1.5 mm).

 
Figure 29: (left) Microscope image of the central region of the damaged area showed in Fig. 28, obtained with 

irradiation at 40° of incidence angle, incidence energy 6 mJ and 5000 shots. On the central- and right-panel the two 
Raman maps of the CuO and the amorphous MoO3, respectively. 

 
5.6.3 Incidence energy = 12 mJ; incidence angle 60° 

 
Figure 30: Large view optical image of the damage (the image is ~1x1.5 mm). 

 
Figure 31: (left) Microscope image of the central region of the damaged area showed in Fig. 30, obtained with 

irradiation at 60° of incidence angle, incidence energy 12 mJ and 5000 shots. On the central- and right-panel the two 
Raman maps of the CuO and the amorphous MoO3, respectively. 

 
5.6.4 Incidence energy = 6 mJ; incidence angle 60° 
 



 
Figure 32: Large view optical image of the damage (the image is ~ 1x1.5 mm). 

 
Figure 33: (left) Microscope image of the central region of the damaged area showed in Fig. 32, obtained with 

irradiation at 60° of incidence angle, incidence energy 6 mJ and 5000 shots. On the central- and right-panel the two 
Raman maps of the CuO and the amorphous MoO3, respectively. 

 
5.7 Tests performed changing the shots number 
 
In this section we reported the results of the tests performed as a function of the shots number. We 
observed and characterized the damage as a function of the number of shots maintaining constant 
the angle of incidence, the polarization of the radiation (p-polarization) and the incident energy. The 
latter was fixed to the maximum value available by the ISIR FEL, i.e., 12 mJ. 
 
Table 3: List of the test performed as a function of the shots number. Highlighted in green tests performed on Cu while 
the others refer to MoO3 films on copper.  
 

Sample thickness 
[nm] 

Number of 
shots 

Incidence 
angle [°] 

Energy of macro 
pulse [mJ] 

Damage  

Cu substrate 10000 40 12 yes 

 5000 \\ \\ yes 

 2000 \\ \\ yes 

 1000 \\ \\ yes 

 500 \\ \\ Not observable 

 200 \\ \\ Not observable 

 100 \\  Not observable 

MoO3 100 nm 10000 40 12 Not observable 

 5000 \\ \\ yes 

 2000 \\ \\ Not observable 

 1000 \\ \\ Not observable 

 500 \\ \\ Not observable 

 200 \\ \\ Not observable 

 100 \\ \\ Not observable 

 



For the Cu sample, surface damages are not observable for shots number < 1000. The result suggests 
a threshold behaviour, but further analysis have to be performed to confirm this behaviour. In the 
case of MoO3 film, a visible damage appears only for 5000 shots confirming that these oxides 
coatings are more resistant to irradiation respect to bare copper. However, also at 10000 shots 
damage was not detected. Additional tests are planned to clarify this result. 
 
5.8. Irradiation of a Cu substrate about 10 mm about 10 mm 
 
5.8.1 Irradiation with 10000 shots 
 

 
Figure 34: Large view optical image of the damage (the image is ~1x1.5 mm). 

 

Figure 35: (left) Microscope image of the central region of the damaged area showed in Fig. 34, obtained with 
irradiation at 40° of incidence angle, 100% of FEL power and 10000 shots. On the central- and right-panel the two 

Raman maps of the copper oxides: the Cu2O and the CuO, respectively. 
 

5.8.2 Irradiation with 5000 shots 
 

 
Figure 36: Large view optical image of the damage (the image is ~1x1.5 mm). 

 
Figure 37: (left) Microscope image of the central region of the damaged area showed in Fig. 36, obtained with 

irradiation at 40° of incidence angle, 100% of FEL power and 5000 shots. On the central- and right-panel the two 
Raman maps of the copper oxides: the Cu2O and the CuO, respectively. 



5.8.3 Irradiation with 2000 shots 
 

 
Figure 38: Large view optical image of the damage (the image is ~1x1.5 mm). 

 

Figure 39: (left) Microscope image of the central region of the damaged area showed in Fig. 38, obtained with 
irradiation at 40° of incidence angle, 100% of FEL power and 2000 shots. On the central- and right-panel the two 

Raman maps of the copper oxides: the Cu2O and the CuO, respectively. 
 
5.8.4 Irradiation with 1000 shots 
 

 
Figure 40: Large view optical image of the damage (the image is ~1x1.5 mm). 

 

 
Figure 41: (left) Microscope image of the central region of the damaged area showed in Fig. 40, obtained with 

irradiation at 40° of incidence angle, 100% of FEL power and 1000 shots. On the central- and right-panel the two 
Raman maps of the copper oxides: the Cu2O and the CuO, respectively. 



5.9 Irradiation of a MoO3 film 100 nm thick on Cu  
 
5.9.1 Irradiation with 5000 shots 
 

 
Figure 42: Large view optical image of the damage (the image is ~1x1.5 mm). 

 
Figure 43: (left) Microscope image of the central region of the damaged area showed in Fig. 42, obtained with 

irradiation at 40° of incidence angle, incidence energy 12 mJ and 5000 shots. On the central- and right-panel the two 
Raman maps of the CuO and the amorphous MoO3, respectively. 

 
5.10 Tests with s-polarization 
 
We performed also tests irradiating the samples with a THz beam at the incidence angle of 40°, at 
the pulse energy of 12 mJ, 5000 shots in the s-polarization layout. In this optical configuration no 
damage has been detected on both Cu and films of MoO3 (100 nm thick) deposed on copper. We 
hope that this behaviour is due to the orientation of the electric field respect to the sample surface. 
In the case of irradiation using the s-polarization the electric field always lays in the sample’s surface 
plane. This result and the observation of a trend for the damage irradiation with the p-polarization 
point out that the electric filed component directed perpendicular to the sample surface is 
associated to the observed damage vs. energy and vs. angle.  
 
Discussion 
 
The results of the irradiation performed using coherent THz radiation showed in this report point 
out important phenomena occurring both on copper surfaces and films of molybdenum oxides 
deposed on a copper substrate.  
Looking at the damaged areas observed on the copper substrate, Raman maps of copper oxides 
clearly show how CuO and Cu2O occurs in different regions of the exposed region. CuO is mainly 
present in the central spot where higher temperatures are reached by the metal, while Cu2O is 
mainly detected in the external corona of the spot.  
Tests as a function of the incidence angle on the Cu substrate return damages compatible with 
previous tests always performed at ISIR. Increasing the incidence angle, the damaged area increases, 
and the irradiated spot broadens. The maximum damage (associated to the largest damaged area) 
occurs between 40° and 60°. At normal incidence no damage is detectable because almost all 
radiation is reflected by metallic surfaces.  
Different results are obtained irradiating coated surfaces. Both 85 nm and 100 nm thick MoO3 films 
show damaged regions (see visible photographs and Raman maps) and the partial removal of the 



film occurs in the central region of the spot. The removal of the film was not observed in previous 
irradiation tests. The different behavior could be due to the ~20% increase of the energy of the THz 
beam in the irradiation presented in this report. 
Irradiation tests as a function of the incident energy were performed for the first time. Data 
regarding the Cu substrate point out a reduction of the size of the damaged area with the reduction 
of the incident energy. Tests performed at 100% and 50% intensity show a clear oxidation of copper 
with both CuO and CO2. On the other hand, using only 10% of the beam intensity no oxidation or 
damage is detectable. An intensity threshold for the copper surface damage may exist, suggesting 
a non-linear behavior that has to be confirmed by additional tests.  
The irradiations were performed at the incidence angle of 40° and 60°. Among these two angles a 
significant difference between damaged areas occurs. As an example, at 60° using 6 mJ of incident 
energy the external corona is smaller and closer to the center of the spot compared to the damage 
observed at the incidence angle of 40°. 
We also studied the damage as a function of the shots number, i.e., the number of the incident 
macro pulses. On Cu the damage showed a monotonic trend as a function of the number of shots, 
suggesting that the effect is cumulative. Below 1000 shots no damage was detected on the surface. 
For the 100 nm MoO3 film a visible damage is observed only with 5000 shots. Due to the increased 
damage resistance films of MoO3 deposed Cu exhibit a higher damage threshold. The damage at 
1000 shots is not detectable, but additional tests need to be carried out. 
We performed for the first-time tests using the s-wave polarization at the incidence angle of 40° at 
the maximum power for both copper and MoO3 100 nm thick films. No damage was detected for 
both samples. The results confirm that the electric field component perpendicular to the surface 
plays a fundamental role to induce a surface damage using highly coherent THz radiation. 
Damage induced by a strong EM field on metallic surfaces has been already observed [6-8] and 
reflection and absorption processes of a high-intensity optical laser pulse by an extremely smooth 
metal surface have been studied [9-12].  
Laser-induced damaged morphologies and their cumulative effects induced by single pulses have 
been discussed by Agranat et al. [13]. The damage mechanism induced by a single THz pulse was 
attributed to the thermal expansion of the thin Al film causing its debonding from the substrate, 
cracking, and ablation [13]. However, the damage pattern induced by multiple terahertz pulses at 
fluences below the damage threshold is quite different from that observed in single-pulse 
experiments. Moreover, it has been recently pointed out the occurrence of an angular dependent 
reproducible damage induced by multiple high-intensity THz pulses on metallic copper surfaces. [3] 
In this contribution authors showed that increasing the incidence angles and with multiple shots 
(>103) and a fluence of 12,7 J/cm2 per pulse the damage increases. The evaluated temperature 
reached at the metallic surface matches the experimental results and points out that the increase 
in absorption at high incidence angles is the responsible of the damage and, also of the copper 
oxidation. Actually, images of the damaged surfaces show that for incidence angles > 20°, the 
temperature reached can be higher than the melting temperature of copper. These effects are in 
agreement with previous reports in the optical frequency range, described in terms of higher 
absorbance, increased angle of incidence [14] and multiple shots irradiation [15].  
Other studies modelled the damage using the mechanism of ultrafast laser ablation of solids and 
the underlying processes on a broad range of timescales from femtosecond to nanosecond, i.e., 
from the initial energy absorption to the final material removal. [16] 
The interaction of pulses of THz radiation has been also explained using the universal polariton 
model [17]. This model of laser-induced breakdown deals with the self-organization mechanism 
inducing a grating on the surface by the interference of the incident wave with the surface polaritons 
excited by that wave. However, all the above treatments do not consider electric-related effects, 
e.g., discharges and/or breakdowns occurring in air due to light pulses, and also do not explain the 
angular dependence, the differences observed using light with different polarizations and the 
negligible or no damages on samples coated by thin Mo oxides films. 
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