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Polycrystalline molybdenum specimens kept at room temperature and 873 K has been irradiated by 1.2 keV- 
and 8keV-He+ up to 3x1022He+/m2. Optical reflectivity has been measured with a spectrophotometer for the wave 
length between 190 and 900 nm. Surface morphology and chemical analyses has been examined with a scanning 
electron microscope, an atomic force electron microscope and X-ray photoelectron spectrometer. Loss of metallic 
gloss and remarkable reduction of reflectivity (190-900 nm) occurs by the irradiation of only 1x1022 He+/m2.�
Reflectivity decreases with increasing ion energy, irradiation temperature and dose of helium ions. At rather low 
dose, it is reasonable to suppose that the reflectivity reduction may be due to the surface roughening and fine 
bubble formation.� With increasing dose, roughness became smaller, while reflectivity decreased further. The 
further reduction of the reflectivity at high dose is considered to be due to the porous structure with nano-scale 
helium bubbles. 
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1. Introduction 
 The first mirrors for plasma diagnostics in D-T 

burning fusion device suffer fairly high flux particle load 
such as hydrogen isotopes and helium, because they will 
be placed near the first wall [1]. Effects of the hydrogen 
isotope irradiation have been studied extensively [2-4] 
but not much for the helium irradiation because density of 
helium is one order of magnitude lower than hydrogen 
isotope in burning plasma condition. Our data of the 
recent studies on helium irradiation effects in metals 
indicate that radiation damage by low energy helium ions 
is very strong and much more serious than that of 
hydrogen isotopes [5,6].  In the present work, effects of 
low energy helium ions irradiation on the optical 
reflectivity have been examined and tried to find their 
causes. 
 

2. Experimental 
The material used in the present experiments was 

electro-polished polycrystalline molybdenum specimens 
with very smooth surface. Specimen size was 
10×10×0.1mm. One half of the specimen was covered 
and half side(10mm × 5mm) was irradiated with 1.2 keV 

and 8 keV helium ions at R.T. and 873K up to the fluence 
of 3×1022 He/m2 using a duo-plasma ion gun equipped 
with a magnet ion selector.   The incident angle of 
helium ions was normal direction for the sample surface. 
The ion flux (He+) was about 2.0 × 1018 He/m2s. In 
addition, hydrogen ions(H2

+) with 8 keV were also 
irradiated up to 3 × 1022 H/m2 at R.T. 

After the irradiation, optical reflectivity was 
measured with a spectrophotometer for the wave length 
between 190 and 900 nm.  Angle of incident and 
reflection from normal direction on specimen surface was 
in 7.5o. Optical constants(refractive index and extinction 
coefficient) were calculated by �,� measured using a 
spectroscopic ellipsometer, where� � corresponds to the 
phase shift and tan� the amplitude ratio of the reflected 
components. Surface morphology was observed with a 
scanning electron microscope(SEM) and an atomic force 
microscope(AFM). Microstructure of cross section of 
specimen near surface irradiated by helium ions was 
observed with a transmission electron microscope(TEM).  
Surface chemical and its depth profile analysis were also 
performed using a X-ray photoelectron spectroscope 
(XPS).  Depth profiles of displacement per atom(DPA) 
and helium deposition rate(helium atom per molybdenum 
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atom) in molybdenum irradiated with helium ions were 
calculated by the TRIM-code 

  

 

 

 

3. Experimental Results 
Figure 1 shows the reflectivity of the parts irradiated 

or not by helium ions at RT(a). and 873K(b). Loss of 
metallic gloss occurs and the color of the irradiated 
surface turned to brown. The reflectivity of the part 
which is not irradiated by helium ions is about 50% and 
the spectrum has a structure which depends on 
wavelength. The reflectivity of the part irradiated by 
helium ions decreases with increasing fluence and 
temperature. In particular, decrease of the reflectivity of 
samples irradiated by 1 x1022 and 3x1022 He/m2 at 873 K 
is significantly large. The spectra irradiated by 3 x1021 
He/m2 at RT and 873 K have structure which depends on 
wavelength, however, the shape of spectra irradiated by 1 
x 1022 and 3 x 1022 He/m2 is flattened structure.  

     Shown in Fig. 2 are SEM images of surface 
morphology before and after the helium ions irradiation.  
Surface roughening by the formation of blisters occurs by 
the helium ions irradiation with a fluence of 3 x 1021 
He/m2 and 1 x1022 He/m2.  Blisters disappears due to 
sputtering erosion and surfaces become smoother at SEM 
observation level by the helium ions irradiation with a 

fluence of 3 x 1022 He/m2, however, the reflectivity 
decreased further as described before.  

     Figure 3 shows AFM images of the surfaces 
before and after helium ions irradiation. The rms 
roughness R is also shown in this figure. The surface is 
finely modified into the wavy structure as shown in Fig. 3, 
even if fluence is 3 x1022 He/m2 which seems to be 
smooth by the SEM observation. This is considered to be 
the result of erosion due to sputtering caused by the 
helium ions irradiation. 

     Figure 4 shows the reflectivity of the parts 
irradiated by 1.2 keV helium ions and 8 keV H2

+ ions at 
RT. and 873K.� Reflectivity decreases remarkably even 
at 1.2 keV He irradiation, however, effect of H2

+ 
irradiation is small.  Figure 5 shows the reflectivity of 
samples irradiated at RT. and 873 K at the various 
wavelengths as a function of the fluence. The reflectivity 
decreases with the fluence. In particular, decrease at low 
wavelength area(300 nm) at 873 K is large. 

XPS analyses showed that surface after the helium 
ions irradiation was partially covered by MoO2 and MoO3, 
however, the oxide layer was less than a few nm.  The 
color of the irradiated surface do not change even after 
the elimination of the oxide layer by Ar ions sputtering.  
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Fig. 2  SEM images of surface morphology before 
and after the helium ions irradiation. 
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Fig. 3  AFM images of helium ions irradiated 
surfaces. 
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Fig. 1  Reflectivity of the parts irradiated or not 
by 8 keV helium ions at R.T.(a) and 873K(b). 
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Fig. 6  Cross sectional TEM image near the specimen 
surface irradiated by 8 keV helium ions with a fluence 
of 1 x 1022 He/m2 at 873 K. 
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Fig. 7  Optical constants (refractive index (n) and
extinction coefficient (k) ) of the specimen surface not 
irradiated(a) or irradiated(b) by 8 keV helium ions with 
a fluence of 1x1022 He/m2 at 873 K which are 
calculated by �, � measured using a spectroscopic
ellipsometer. 
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wavelengths as a function of fluence. 
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This means that change of the color is not the effects of 
surface contamination and oxidation. 

Shown in Fig. 6 is a cross sectional TEM image near 
the specimen surface irradiated 8 keV helium ions with a 
fluence of 1 x 1022 He/m2 at 873 K.  Dense bubbles with 
a diameter of about 2 nm to� 20 nm are observed in the 
sub-surface region from the surface up to 200 nm.  In 
addition, swelling also occurred near surface.  

  

4. Di

Figure 7 shows optical constants(refractive index(n) 
and extinction coefficient(k)) of the specimen surface not 
irradiated(a) or irradiated(b) by 8 keV helium ions with a 
fluence of 1x1022 He/m2 at 873 K which are calculated by 
�, � measured using the spectroscopic ellipsometer. In 
the case of the part which was not irradiated, dips of 
spectrum on extinction coefficient(k) is observed, which 
indicates the absorption of light by direct interband 
transitions of within 4d band[7]. In contrast, in the case of 
the irradiated part, dips of spectrum are not observed. 
This implies that the distribution of density of states of 4d 
band changes. 

 

scussion 
The depth profiles in molybdenum irradiated 8 keV 

helium ions calculated by TRIM-code show that helium 
atoms and primary damage are mostly concentrated near 
the surface and distributed up to 56 nm and 54 nm in 
depth, respectively.  Their peaks are at 28 nm and 14 nm 
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in depth, respectively. On the other hand, the light 
penetration depth decreases to 1/e2 value can be written � 
= �/2�k, where � is the wavelength, k is the extinction 
coefficient[8].  In the case of Mo[9], �� is 10 nm to 40 
nm from the surface in the wavelength range from 200 
nm to 900 nm. This sub-s

tivity of molybdenum. 
In the case of irradiation of 3 x 1021 He/m2, 

formation of fine helium bubbles around the projected 
range and weak influence on surface roughness occurs. 
Formation of blisters by the irradiation with a fluence of 
1 x 1022 He/m2 leads large scale roughening. The 
reduction of the reflectivity in the case of irradiation of 3 
x 1021 He/m2 and 1 x 1022 He/m2 is considered to be due 
to the diffused reflection by the roughening and the 
multiple s

.  
Up to a fluence of 3 x1022 He/m2, due to the 

sputtering erosion, the covers of blisters disappear.  Due 
to the balance of formation of bubbles and sputtering 
erosion, dense fine bubbles always exist in the area 
between the surface and the projected range. Sub-surface 
area becomes to be porous structure as shown in Fig. 6.  
He bubbles beneath the surface cause the fine scale 
surface roughening as shown in Fig. 3. However, the 
value of the rms roughness of the sample irradiated with a 
fluence of 3 x 1022 He/m2 is smaller than that of the 
sample irradiated with a fluence of 1 x 1022 He/m2. 
Therefore, it seems that the stronger reduction of the 
reflectivity at higher dose (3 x 1022 He/m2), where the 
blisters have almost disappeared, can not be explained 
only by the surface roughness. In the case of at a high 
temperature of 873 K, helium and vacancies diffuse to 
deeper area and bubbles are formed in the sub-surface 
region from the surface up to 200 nm as shown in Fig.6.  
Microstructure such as bubble size and distribution near 
surface within the light penetration depth at a high 
temperature of 873 K is also different from that of at a 
low temperature of R.T. Therefore, it is reasonable to 
suppose that the stronger reduction of the reflectivity at 
higher dose with a high temperature of 873 K is attributed 
to the multiple scattering of lig ne 2

es in the sub-surface region. 
In comparison with hydrogen irradiation, 

remarkable degradation of the optical reflectivity by 
hydrogen ions irradiation with similar energy occurs at 
the fluence above 1025ions/m2[2,10]. We should note that 
effects of helium are 

hat of hydrogen. 
The spectroscopic ellipsometry analyses showed 

that the distribution of density of states of 4d band of the 
sample, irradiated by helium ion, changed to be flat. In 
the sub-surface area, crystal structure may be distorted by 
the formation of dislocation and high pressure bubbles 

due to the helium ions irradiation. This is one possible 
mechanism for the
st
 

usions 
In order to know the effects of helium ion 

bombardment on the optical reflectivity and the 
underlining mechanisms, reflectivity, surface morphology, 
surface chemical analysis and sub-surface damage have 
been examined for molybdenum.  Loss of metallic gloss 
and remarkable reduction of reflectivity (190-900 nm) 
occurs by the irradiation of only 1x1022 He/m2. 
Reflectivity decreases with increasing ion energy, 
irradiation temperature and dose of helium ions. At rather 
low dose, it is reasonable to suppose that the reflectivity 
reduction may be due to the surface roughening and fine 
bubble formation. � With increasing dose, roughness 
became smaller, while reflectivity decreased further. The 
further reduction of the reflectivity at high dose is 
considered to be due to the porous structure with 
nano-scale helium bubbles. Remarkable degradation of 
the optical reflectivity by hydrogen ions irradiation with 
similar energy occurs at the fluence above 1025 ions/m2. 
We should note that effects of helium are three orders of 
magnitude higher than that of hydrogen. It is necessary 
that detail understanding of physical relation between the 
reflectivity and sub-surface structure will be carried. In 
addition, phenomena in plasma confinement devices such 
as synergistic effects of helium bombardment and 
re-deposition will be investigated. Furthermore, R&D fo
th
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