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A B S T R A C T   

Polycrystalline (PC) and single crystal (SC) molybdenum mirrors were irradiated with 98Mo+, 1H+, 4He+, 11B+

and 184W+. Energies were chosen to impact the optically active region (up to 30 nm deep) of Mo mirrors. Some 
surfaces were coated by magnetron sputtering either with B or W films 4–65 nm thick. The overall objective was 
to simulate the neutron-induced damage and transmutation (H, He), and the impact of H, He, B, W on the optical 
performance of test mirrors, and on fuel retention. In parallel, a set of PC Mo mirrors irradiated with 1.6 MeV 
98Mo3+ to a damage of 2 dpa and 20 dpa was installed in the JET tokamak for exposure during deuterium-tritium 
campaigns. Data from spectrophotometric, ion beam and microscopy techniques reveal: (i) the irradiation 
decreased specular reflectivity, whereby the differences between PC and SC in reflectivity are very small, (ii) He 
is retained in bubbles within 25–30 nm of the subsurface layer in all irradiated materials, (iii) W, either deposited 
or implanted, decreases reflectivity, but the strongest reflectivity degradation is caused by B deposition. Labo-
ratory studies show the correlation of damage and H retention. Several cycles of W deposition and its removal 
from SC-Mo mirrors by plasma-assisted methods were also performed.   

Introduction 

Metallic mirrors facing the plasma in diagnostic and heating systems 
are so-called first mirrors. At least three categories of systems will rely 
on them in reactor-class controlled fusion devices (CFD) to facilitate 
wave transmission from or to the vacuum chamber: (i) optical plasma 
diagnostics and imaging in the range from ultraviolet (UV) to infrared 
(IR) [1–5]; (ii) laser signal guiding for plasma diagnostics [6,7]; (iii) 
microwave injection for electron cyclotron resonance heating (ECRH) 
[8]. Different mirror materials will be used dependent on the purpose, 
but in either instance the performance will be decided by the state of 
reflecting surfaces. The most demanding requirements are for the 
diagnostic mirrors because their reliability is decisive for the safe reactor 
operation (machine protection), control of operation scenarios, and for 
advanced plasma research. 

Potential threats to mirror performance have been considered for 
long [1,2], but the experimental program on mirror testing in tokamaks 
has been carried out since 2003 in carbon wall machines [4,5,9–11], and 
then in the metal surrounding [12–14] at JET with the ITER-like wall 

(JET-ILW) [15]. In parallel laboratory studies were performed [5]. The 
most comprehensive tests in CFD with up to 23 h of plasma operation 
have been carried out in JET with samples made of various materials 
located for exposure in different positions in the divertor, and in the 
main chamber using holders of diverse design [4,14]. Post-exposure 
studies conducted with spectrophotometry (reflectivity) and several 
surface analysis techniques for polycrystalline molybdenum mirrors 
(PC-Mo) have consistently given two sets of results. The performance of 
all divertor mirrors was completely lost by co-deposition (300 – 800 nm 
thick layers) of mainly beryllium (Be), oxygen (O) and carbon (C) with 
nitrogen (N), nickel (Ni) and tungsten (W). Samples from the main 
chamber wall maintained total reflectivity, but their surfaces contained 
a modified layer (extended to approximately 20 nm) containing trace 
amounts of Be, O, C, Ni and W embedded in Mo. The diffuse reflectivity 
increased from the initial 1% to 2% thus indicating some erosion by the 
impacting plasma species. It can be stated that all test samples, both in 
the divertor and the main chamber, were modified by neutral particles 
because of distant locations with respect to the plasma and complex 
structures of mirror holders. 
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The impact of charge exchange neutrals (CXN), hydrogen (H) iso-
topes and particularly helium-4 (4He), on the in-vessel plasma-facing 
diagnostic components in a deuterium–tritium (D-T) operated reactor 
will be significant. Simulations for ITER suggest integrated wall neutral 
fluxes of 3.8 × 1023 s− 1 [16], corresponding to 4.8 × 1016 cm− 2 s− 1 

taking into account ~800 m2 of total main chamber wall area. 4He 
implantation and neutron-induced effects such as damage and trans-
mutation are to be considered in the D-T environment. Additional risks 
will be associated with the deposition of eroded W and, also boron (B), if 
boronizations are done for wall conditioning [17–19]. 

All above mentioned processes, including possible synergistic effects, 
cannot be studied in nowadays fusion machines. This motivates a test 
program complemented by laboratory works with ion-based simulation 
of neutron-induced effects such as material damage and transmutation 
associated with gas bubbles formation [20]. The authors are perfectly 
aware that the accelerator-based tests cannot fully reproduce reactor 
situation and deliver final answers, but they might help the assessment 
of potential problems and risks. Earlier works in that direction showed 
fairly modest impact of neutron-damage simulations by heavy ions 
(98Mo+, Zr+, Nb+ up to 8 dpa) on the reflectivity of PC-Mo. However, 
even small doses (1016 cm− 2) of H+ and especially 4He+ decrease 
specular reflectivity by gas bubble accumulation thus damaging the 
optically active layer (OAL) [20], i.e. 20–30 nm thick outermost region. 
It indicates that the CXN fluxes might deposit more gaseous species than 
the amount generated by transmutation. 

There is no decision on mirror material(s) for diagnostic systems in 
DEMO, however, the choice of metallic candidates is rather limited. 
Secondly, the effects induced by the D-T plasma species will be similar in 
either case. The overall objective of this work is to identify decisive 
factors and their possible impact on the OAL and, in consequence, on 
reflectivity. The specific goals are: (i) to evaluate reflectivity changes 
and surface/subsurface structure of PC-Mo and single crystal (SC-Mo) 
mirrors irradiated under same conditions; (ii) to determine the impact of 
W and B presence in the surface layer on the reflectivity; (iii) to assess 
the impact of the ion-induced damage on the retention of He and H in 
the mirror material. For the first time in mirror studies an experiment 
combining laboratory and tokamak experience with ion pre-damaged 
mirrors has been carried out in JET and it is introduced in the paper. 

Experimental 

Mirror production and reflectivity control 

The study was performed with PC-Mo and SC-Mo of different crystal 
orientations: Mo(100), Mo(110) and Mo(111). Two types of PC-Mo 
mirrors were used. For laboratory studies these were 3 mm thick disks 
cut from a rod of 10 mm in diameter, while those for the exposure in 
JET-ILW were 1 × 1 × 1 cm cubes with a leg for fixing in a holder; details 
can be found in [4]. They were ground to obtain an even surface and 
then polished in multiple steps to mirror finish with diamond paper, 
diamond paste and aluminum oxide paste with grain sizes down to 0.05 
µm. 

SC-Mo mirrors were cut with electro-discharge machining (EDM) 
from grown pieces of Mo(110) and Mo(111), the diameter was 10 mm. 
The Mo(100) mirror was received in disks of a diameter of roughly 12 
mm. The SC-Mo mirrors were polished both mechanically and electro-
chemically, according to the procedure presented in [21]. The products 
were verified by Ion Channeling (IC) [22,23] to ensure that the SC-Mo 
kept their single crystalline structure on the surface. 

Optical performance was determined in the wavelength range from 
300 nm to 2300 nm using the dual-beam spectrophotometer Lambda 
950 by Perkin Elmer, located at Uppsala University. Measurements were 
performed before and after ion irradiations, deposition of B and W films 
and an exercise of W removal. The total (Rt) and diffuse (Rd) reflectivity 
was recorded by placing the sample onto the opening at the integrating 
sphere, which is characterized by a highly reflective and diffusive white 

coating. The small size of the mirrors required masks with apertures of 
either 7 mm2 or 16 mm2 to mount the mirrors. Before measurements, the 
spectrophotometer is self-calibrated. For the measurement of Rd, the 
specular component exits the system by an opening in the integrating 
sphere. For calibrating diffuse reflectivity measurements, a dark cone 
acting as a perfect absorber, and a perfectly diffuse-reflective white 
surface were used. To measure Rt the opening remains closed, thus the 
specular component is included in the measurement. The calibration 
measurements of the perfect absorber and an aluminum mirror of known 
reflectivity are employed. The difference of Rt and Rd gives the specular 
reflectivity (Rs). It is a crucial component for mirror performance asso-
ciated with the light reflected at the same angle from the mirror normal 
as the incident light. Rd denotes light reflected at other angles and it 
increases with surface roughness. 

Surface modifications: Ion irradiations and film deposition 

Damage by neutrons in surface/subsurface region can be simulated 
by the irradiation with parent ions, i.e. Mo target irradiated with Mon+. 
The modifications induced by such “self-irradiation” have been reported 
on many occasions in simulation of effects in fusion reactor materials 
[20]. The generation of transmutation products should be also taken 
into account. According to [24], the main transmutation products in Mo 
are Technetium (Tc, radioactive isotopes), H, Niobium (Nb), Ruthenium 
(Ru), Zirconium (Zr) and He. If 6.2 dpa/year are assumed for a D-T- 
reactor, after one year, the transmutation products roughly amount up 
to 40 appm He and 55 appm H [24]. Assuming a uniform distribution, in 
the first 20 nm of the mirror surface this would correspond to 5 × 1012 to 
He cm− 2 and 7 × 1012 H cm− 2 at the Mo density of 10.21 g/cm3. 
Additionally, He from D-T reactions and hydrogen isotopes from fuel are 
expected to reach the mirrors, most likely as energetic CXN. This mo-
tivates shallow irradiation of Mo with H and He, and – in parallel – the 
introduction of B and W (by either implantation or deposition) to 
examine the impact of boronization and transport of W to the mirrors. 

The energy of the implanted ions was chosen according to SRIM 
simulation [25] to generate the damage mainly in the first 20–30 nm, i.e. 
in the OAL, as described in [20]. The ion ranges resulting of the SRIM 
simulations are shown in Fig. 1. The irradiations were performed using 

Fig. 1. Ion ranges in Mo of 184W+ at 20 keV, 98Mo+ at 30 keV, 11B+ at 15 keV, 
4He+ at 2 keV and 1H+ at 2 keV simulated with SRIM [25]. 
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the 350 kV Danfysik implanter, a setup is described in [26], located at 
the Tandem Laboratory at Uppsala University (TL-UU). The implanter 
operates at a standard extraction voltage of 20 kV. To achieve ion beams 
of lower energies, a deceleration voltage of up to 20 kV can be applied 
and the standard extraction potential can be changed. The 2 keV He+ or 
H+ beam is achieved by an extraction voltage of 20 kV and a decelera-
tion voltage of 18 kV. For higher energy ion beams a maximum of 310 
kV post-acceleration potential can be applied by a Cockroft-Walton 
multiplier [26]. The irradiated samples are oriented perpendicularly 
towards the incoming beam. For irradiations including SC-Mo, the 
samples were tilted by 7◦ with regard to the standard position to avoid 
channeling effects along crystal axes. 

According to the SRIM simulations and technical capabilities of the 
implanter, the chosen energies of Mo+, W+ and B+ were 30 keV, 20 keV 
and 15 keV, respectively. Plots in Fig. 1 show the ranges of the ions in 
Mo. Data in Table 1 provide details on the sample treatment: targets, 
deposited films, ions, energies, doses and the sequence of steps if irra-
diation was with several ions. W and B films were measured in atoms 
cm− 2 and recalculated to nm by assuming the respective densities 19.29 
g/cm3 and 2.35 g/cm3. 

For magnetron-assisted sputter deposition of thin W coatings a 
Balzers MED 010 device was used. The working gas was argon (Ar) at the 
operating pressure of 1 Pa. During the deposition runs lasting for 3–200 s 
a series of films ranging in thickness from 4 nm to 65 nm was produced 
on the not irradiated PC-Mo and SC-Mo mirrors. The corresponding 
growth rate was around 0.3 nm/s. 

The B film was prepared by radio frequency (RF) magnetron-assisted 
sputter deposition system, Prevac Ltd., at 13.56 MHz with Ar as the 
working gas. A 17 nm layer was deposited during 45 min. The growth 
rate was estimated to be 0.4 nm/min. The major impurities in the 
deposited film were O and C, 4 atomic % and 2 at. %, respectively, as 

determined using ion beam techniques described in next section. 

Material analysis with ion beam and microscopy techniques 

Mirror surfaces were analyzed systematically with several methods 
at different stages of the experiment. Using a 5 MV pelletron tandem 
accelerator model 15SDH-2 by National Electrostatic Corporation at the 
TL-UU [26] all ion beam analyses (IBA) were performed: IC, Rutherford 
Backscattering Spectrometry (RBS) and Time-of-Flight Heavy Ion Elastic 
Recoil Detection Analysis (ToF HIERDA). Quantitative depth profiles of 
the H, He, B and W implants were obtained with HIERDA using an 
iodine-127 (127I10+) beam at the energy of 44 MeV and a ToF tube with a 
gas ionization chamber as the energy detector of recoiled particles, the 
setup is described in [27]. The detector is located at a 45◦ angle with 
respect to the incoming beam, the sample is tilted such that the beam 
impinges at 67.5◦ from the sample normal. The setup is symmetric. The 
beam spot on the sample is approximately 1 × 3 mm. The error of the 
measurement is around 10–15% for high-Z elements, mostly due to 
uncertainties in the stopping powers from nuclear databases. For light 
elements, e.g. H and He, the error can increase to around 30% caused by 
additional errors, most significantly the efficiency of the time-of-flight 
measurement. The detection limit with ToF HIERDA is at the level of 
5 × 1014 atoms cm− 2. For RBS Passive Implanted Planar Silicon (PIPS) 
detectors at 170◦ with respect to the incoming beam were used. The 
error of the method is estimated at 5%. The measurements were done 
with a 2 MeV 4He+ beam or a 3.5 MeV 3He+ beam (1 mm diameter). As 
already stated, the polished SC-Mo mirrors were examined with IC using 
a 2 MeV 4He+ beam. 

A number of PC and SC mirrors irradiated with Mo and He were 
studied at the Warsaw University of Technology with Scanning Trans-
mission Electron Microscopy (STEM) to characterize the subsurface 
structure including the size distribution of He bubbles. Hitachi HD2700 
apparatus operated at 200 kV in bright field and Z-contrast mode was 
used in studies of lamellae produced by a Focused Ion Beam (FIB), 
Hitachi NB5000. Details of work procedure are in [28]. For each sample, 
at least 450 bubbles were identified. The region of interest area was 
chosen manually and ranged from 12 300 nm2 to 15 900 nm2. The im-
ages were registered with a resolution of 0.125 nm per pixel. During the 
semi-automated image analyses all objects equal to or smaller than 3 
pixels were excluded, hence the smallest object considered for the 
quantitative analysis was 0.5 nm. 

Recovery of reflectivity: Removal of W deposits 

To check the possibility and efficiency of W deposits removal, sput-
tering using either an ion gun or magnetron plasma was applied. It is 
stressed that the aim of the exercise was only to assess whether the 
deposited layer can be efficiently and uniformly removed from a small 
surface. With the ion gun, the targets were exposed to a focused and 
energy filtered beam of 3 keV Ar ions with a current under 1 µA. The 
base pressure at the ion gun chamber is around 4 × 10-8 Pa and the 
operating pressure is 1 × 10-3 Pa. A W coated SC-Mo(110) mirror with a 
20 nm W film was exposed in ten cleaning cycles, in total 630 min of ion 
gun plasma. 

For the magnetron-assisted sputter treatment of the coated SC-Mo 
(111) mirror the Balzers MED 010 system mentioned above was used. 
To clean the W deposit, the mirror was installed as the sputter target, 
mounted in a tungsten mask. The deposition-removal cycle was per-
formed three times. A single magnetron run lasted either 50 or 400 s. 

Mirrors for exposure in JET 

JET-ILW is the only device operated nowadays with the D-T fuel 
[29], thus creating a unique opportunity to assess the impact of damage 
on the change of optical properties, and on the fuel retention. In the 
dedicated experiment two sets of PC-Mo mirrors are exposed on the 

Table 1 
Irradiation conditions and thin film deposits of respective samples. Columns 3–5 
inform about the irradiation sequence.  

Sample 
notation 

Sample material Moþ 30 
keV 

Heþ 2 
keV 

Other ions Type/ 
Energy/Dose 

1 PC-Mo 1.5 ×
1015 

cm− 2 

8 × 1016 

cm− 2 
– 

2A SC-Mo(110) 1.5 ×
1015 

cm− 2 

8 × 1016 

cm− 2 
– 

2B SC-Mo(111) 1.5 ×
1015 

cm− 2 

8 × 1016 

cm− 2 
– 

2C SC-Mo(100) 1.5 ×
1015 

cm− 2 

8 × 1016 

cm− 2 
– 

3 PC-Mo with 20 nm 
W 

– – – 

4 PC-Mo with 17 nm 
B 

– – – 

5 PC-Mo – – W+ 20 keV 
6.4 × 1015 cm− 2 

6 PC-Mo – – B+ 15 keV 
1.5 × 1016 cm− 2 

7 SC-Mo(110) with 
20 nm W 

– – – 

8 SC-Mo(111) with 
22 to 65 nm W 

– – – 

9A PC-Mo – – H+ 2 keV 
14 × 1016 cm− 2 

9B PC-Mo – 5 × 1016 

cm− 2 
H+ 2 keV 
14 × 1016 cm− 2 

9C PC-Mo – 8 × 1016 

cm− 2 
H+ 2 keV 
14 × 1016 cm− 2 

9D PC-Mo with 4 nm 
W 

– – H+ 2 keV 
14 × 1016 cm− 2  

L. Dittrich et al.                                                                                                                                                                                                                                 



Nuclear Materials and Energy 37 (2023) 101548

4

main chamber wall during the whole campaign: (i) pre-damaged mirrors 
by ion irradiation; (ii) pristine mirrors serving as reference. The irradi-
ation was performed at the Dalton Cumbrian Facility (DCF) of the 
University of Manchester at a 5 MV tandem Pelletron ion accelerator 
[30]. A 1.6 MeV 98Mo3+ ion beam was used for irradiation to produce a 

quasi-uniform damage up to depth of 300–400 nm, as predicted by 
SRIM. The damage is presented in Fig. 2(a), while in Fig. 2(b) the ge-
ometry of the irradiated surfaces is presented. The damage of 2 dpa and 
20 dpa was produced, according to damage calculation methods in [31]. 
The entire surface was irradiated first up to 2 dpa. Afterwards, a half of 

(b)

2 dpa0 dpa0 dpa 2 /20 dpa2 /20 dpa

10 mm
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m 20 dpa2 dpa
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Fig. 2. (a) Damages in the self-irradiated Mo by 1.6 MeV 98Mo3+ ions, as simulated by SRIM. (b) Mirror dimensions with marked surfaces irradiated to 2 and 20 dpa. 
(c) Five channel cassette with pre-damaged and undamaged reference Mo mirrors for exposure in JET. (d) The cassette with mirrors (M) and the rotating deposition 
monitor (RDM) on the wall bracket. (e) The toroidal view into JET; the yellow circle indicates the wall bracket position. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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the area was masked and the irradiation continued up to 20 dpa. The 
samples were mounted in a 5-way channeled cassette, Fig. 2(c), and then 
placed on the wall bracket together with a rotating deposition monitor, 
as shown in Fig. 2(d). The whole assembly was then installed in the 
equatorial position of the main chamber wall; the location is marked 
with a circle in Fig. 2(e). Such arrangement will facilitate comparisons of 
morphology: (i) between the reference and irradiated test mirrors; (ii) 
between the exposures during the campaigns with D2 [12,13] and the D- 
T campaign. 

Results and Discussion 

Impact of irradiation with Mo and He on PC and SC-Mo mirrors 

Plots in Fig. 3 show specular reflectivity of the PC-Mo and SC-Mo 
(110), (111) mirrors, Samples 1, 2A and 2B, in the initial (as produced) 
state and after the irradiation with Mo+ and He+. All samples were 
irradiated simultaneously to ensure same conditions: 1.5 × 1015 cm− 2 

and 8 × 1016 cm− 2 of 30 keV Mo+ and 2 keV He+, as detailed in Table 1. 
The unirradiated SC-Mo(110) and (111) samples have very similar 

(nearly identical) reflectivity over the entire spectral range. The initial 
PC-Mo mirror performs slightly better than SC at the shorter wave-
lengths, 500 to 900 nm, but at the longer wavelength range its reflec-
tivity drops by a few percent points in comparison the SC samples. The 
diffuse reflectivity of SC-Mo(110) and (111) is below 3% over the 
whole range. The diffuse reflectivity of the PC-Mo mirrors is below 3% 
except for the 300–430 nm range, where Rd slightly exceeds 3%. 

The reflectivity of the irradiated PC and SC-Mo(110), (111) mirrors 

is very similar. It is also noticed that in the short wavelength range 
(300–800 nm) the difference between the initial and implanted samples 
is not significant. Around 820–1000 nm the Rs values of irradiated 
mirrors exceed those of the initial samples, but a strong negative impact 
is observed above 1000 nm, where the Rs drops by up to 12 percent 
points with respect to the initial level. The diffuse reflectivity does not 
show a tendency to increase; for the PC-Mo it even decreases below 3% 
in the 300 to 430 nm range. 

Mirror cross-sections were subsequently analyzed with STEM; results 
are shown in Fig. 4. In all samples the formation of He bubbles has 
occurred. In the PC-Mo and SC-Mo(110) samples the bubbles reach 
roughly to 25 nm depth, while in SC-Mo(100), sample 2C, and SC-Mo 
(111) they are located in the region of up to 30 nm depth. The observed 
depths correspond to the SRIM simulation presented in Fig. 1. In general, 
the differences between respective samples are small, i.e. no clear effect 
of material structure (PC or SC) on the depth of the affected region can 
be concluded. 

An observable difference is in the size distribution of the measured 
bubbles. In the SC-Mo(100) mirror they are of up to 2 nm diameter 
where more than 85% of the population is in the 0.5–1.5 nm range with 
the average diameter 0.8 ± 0.3 nm, as shown in Fig. 4. The bubbles in 
the SC-Mo(110) mirror are of up to 3 nm with a wider size distribution 
and an average diameter of 1.3 ± 0.5 nm. Most of the measured bubbles 
(68.5%) are 1.0–2.0 nm in diameter. The bubbles in the SC-Mo(111) 
mirror are of up to 3 nm diameter, however 2.5–3.0 nm bubbles are very 
rare. Close to 88% of the measured bubbles are 0.5–2.0 nm with the 
average diameter 0.9 ± 0.4 nm. In the PC-Mo surface the average bubble 
diameter is 1.4 ± 0.6 nm, which is not significantly different from the 

Fig. 3. Comparison of the specular reflectivity of SC-Mo and PC-Mo mirrors in the initial state and after irradiation with 1.5 × 1015 cm− 2 and 8 × 1016 cm− 2 of 30 
keV Mo+ and 2 keV He+. Dotted lines represent the reflectivity of the initial mirrors and full lines those irradiated. 
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SC-Mo mirrors. The only difference is the occurrence of 3.0–4.0 nm 
bubbles (12% of the population), which have not been found on any of 
the SC mirrors. However, once again the difference between the PC and 
SC is small, and it is too risky to discuss, whether this would have a 
significant impact on material properties including the optical 
performance. 

Tungsten and boron impact on reflectivity of Mo mirrors 

In a boronized full tungsten surrounding, B and W species eroded 
from the wall may reach mirrors in some locations, especially in the 
divertor. This would lead to the formation of B- and W-containing co- 
deposited and/or co-implanted layers. Both cases have been simulated 

under laboratory conditions. W films of different thicknesses and a B 
film were deposited by a magnetron plasma on several poly- and single 
crystal mirrors. Reflectivity plots in Fig. 5 have been obtained for the 
pristine PC-Mo mirrors in the initial state and after the magnetron- 
assisted deposition of the 20 nm W film, Sample 3, and the deposition 
of the 17 nm B film on a separate mirror, Sample 4. For the W film, 
reflectivity has decreased over the entire range by 5 to 30 percent points. 
Even a 3.5 nm thick W layer deposited on the surface starts having an 
impact on optical performance, as it was presented in [28]. The B layer 
has in the optical range 300–1050 nm an even stronger impact on RS 
than the W layer. At the wavelength of 460 nm the reflectivity decreased 
to 10%. However, in the 1800–2300 nm range, the reflectivity decreases 
only by a few percent points. To our knowledge, these are the first 

PC Mo

SC Mo(100)

SC Mo(110)

SC Mo(111)

30 nm

25 nm

30 nm

25 nm

1.2

9.9

23.4

29.7

12.8 11.2
7.2

4.6

0

10

20

30

40

50

Fr
eq

ue
nc

y
(%

)

8.3

46.6

39

6

0

10

20

30

40

50

Fr
eq

ue
nc

y
(%

)

0.6

13.2

29.6

38.9

12.1

5.5

0

10

20

30

40

50

Fr
eq

ue
nc

y
(%

)

6.3

23.6

44

20.3

4.5
0.3

0

10

20

30

40

50

Fr
eq

ue
nc

y
(%

)

Diameter (nm)

Fig. 4. Left column: STEM images of FIB-produced cross-sections of SC and PC-Mo mirrors irradiated with 1.5 × 1015 98Mo+ cm− 2 and 8 × 1016 4He+ cm− 2. Right 
column: Corresponding size distribution of He bubbles in the mirrors. 
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reflectivity measurements of boron coatings. 
In the erosion-dominated case, a shallow co-implantation of various 

species (including W) may occur, as noticed earlier in the First Mirror 
Test in JET-ILW [12]. To verify the influence of tungsten and boron (in 
the case of a boronized machine) on the OAL two PC-Mo mirrors, 
Samples 5 and 6, were implanted in separate runs with those ions. The 
results in Fig. 6 indicate fairly small impact in the wavelength range up 
to 1100 nm; there are only some reflectivity variations within approxi-
mately 3 percent points. Degradation of the optical performance is 
evident in the range above 1100 nm and it is on the same level for both 
species. It should be stressed that such effects are triggered already with 
very small doses: 1.5 × 1016 B cm− 2 and 6.4 × 1015 W cm− 2. Both 
numbers would correspond to 1.2 nm and 1.0 nm thick layers, respec-
tively, if the elements were deposited on surfaces. 

The implanted mirrors were examined with HIERDA to quantify W 
and B, and to detect the presence of other species, especially low-Z 
impurities always occurring in laboratory systems. Depth profiles are 
shown in Fig. 7. The distribution of W is narrow and peaked with a 
maximum at 5–15 nm thus being in good agreement with the SRIM- 
based predictions from Fig. 1. A perfect match cannot be expected 
because predictions are for an ideal target structure, while experiments 
are done on real materials with some imperfections. The total W content 
measured with HIERDA amounts to 7.1 × 1015 W cm− 2. This slightly 

overestimated result is in line with the expected complete retention of 
the implanted W, combined with dual scattering effects in the sample, 
which are common for heavy species and increase the likelihood of 
detection. The boron distribution is broad and fairly uniform. With some 
fluctuations it reaches the depth of 100 nm, i.e. it is greater than the 60 
nm predicted by SRIM. It may be very tentatively suggested that such 
profile broadening is related to the formation of molybdenum boride 
(MoB, Mo2B, Mo2B5), but any further speculations must be avoided, 
because some processes like diffusion under irradiation cannot be fully 
excluded. The total content of B retained in the mirror is 1.1 × 1016 

cm− 2, being equal to 73% of the implanted amount. As expected, the 
main surface impurities are carbon and oxygen, in total below 7 × 1015 

cm− 2. 
The two experimental approaches do not and cannot fully simulate 

the situation in a tokamak. However, they clearly indicate that: (i) a 
shallow implantation of B and/or W into a surface under erosion con-
ditions will have a minor impact on optical properties; (ii) the formation 
of a deposited/co-deposited layers (especially B-rich) will lead to a 
major degradation of mirror performance. 

Removal of W films: Recovery of reflectivity 

The magnetron deposited W layer on the SC-Mo(110) mirror, Sam-
ple 7, was treated for 630 min with a 3 keV Ar+ beam from the ion gun to 
remove a layer of 125 × 1015 atoms cm− 2, corresponding to 20 nm. 
Reflectivity measurements at two different points on the mirror pro-
vided different results: either full or partial reflectivity recovery. The 
original W amount of 125 × 1015 atoms cm− 2 was reduced to 2 × 1015 

atoms cm− 2, 34 × 1015 atoms cm− 2, and 64 × 1015 atoms cm− 2 in three 
points examined with RBS. The measurements indicate an inhomoge-
neous removal of W residues even from such a small mirror surface. 

Magnetron-assisted treatment to recover reflectivity of the SC-Mo 
(111) mirror, Sample 8, coated trice by W, is summarized in Table 2. 
While cycle #1 and #3 managed to recover reflectivity while leaving 
only small W residues (0.6 × 1015 and 1.3 × 1015 atoms cm− 2), which 
would correspond to layers of 0.1 or 0.2 nm. The short cycle #2 only 
partially removed W and the specular reflectivity was not recovered, see 
Fig. 8. Results from cycles #1 and #3 indicate fair efficiency of the 
method on laboratory-deposited W layers. However, that positive fact 
does not allow any further conclusions regarding the fate of mirrors 
exposed in a metal-wall tokamak, as it has been shown with radio fre-
quency methods that reflectivity recovery of mirrors from JET-ILW is 
challenging [32], but a comprehensive research on mirror cleaning is in 
progress [33–35]. 

Ion damaged mirrors for JET: Optical and fuel retention studies 

The PC-Mo mirrors were irradiated with 1.6 MeV 98Mo3+ ions to 
produce damage extending up to 400 nm to enable optical and fuel 
retention studies after the D-T campaign. The specular reflectivity is 
shown in Fig. 9, where the data for the initial PC-Mo mirror are 
compared with those for damaged targets at 2 dpa and 20 dpa. The 
reflectivity decreased only slightly with 2 dpa, while the bigger damage 
with 20 dpa caused Rs to drop by 5 to 10 percent points; the strongest 
effect is in the short wavelength range. The diffuse reflectivity increased 
from around 0.5% to 1–2% at 20 dpa. 

Post-exposure analyses of mirrors from JET-ILW may become 
possible a few years after termination of the D-T campaigns and machine 
clean-up phases to reduce the in-vessel tritium content. Therefore, in 
parallel to that long-term program, the impact of ion-induced damage on 
the retention in PC-Mo has been examined. Mirrors were irradiated with 
H+, two of them pre-irradiated with different He+ doses, details for 
Samples 9A − 9D are in Table 1. A series of plots in Fig. 10 show the 
evolution of H and He depth profiles measured with HIERDA. The profile 
of hydrogen implanted into a PC-Mo is peaked in the near surface region 
at the depth around 15 nm, as predicted by SRIM see Fig. 1. However, 

Fig. 5. Specular reflectivity of the initial PC-Mo mirror, mirror 3 with 20 nm W 
coating, and mirror 4 with a 17 nm B coating, both deposited by magne-
tron sputtering. 

Fig. 6. Specular reflectivity of the initial PC-Mo mirror and mirrors irradiated 
either with 6.4 × 1015 W+ at 20 keV, mirror 5, or 1.5 × 1016 B+ at 15 keV, 
mirror 6. 
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when the implantation of the same H dose (14 × 1016 cm− 2) is done into 
the target pre-damaged also with 5 × 1016 cm− 2 of He, the profile 
flattens near the surface and broadens into the bulk, see Fig. 10(a). In 
addition, the amount of H retained after the implantation increases by a 
factor of 2 from 2 at.% to 4 at.%. The flattening and broadening of the H 
profile continues with the He dose increase to 8 × 1016 cm− 2, and the H 
retention still increases to 5 at.%, as is shown in Fig. 10(b). The depo-
sition of 25 × 1015 W cm− 2, corresponding to a 4 nm thick W layer, on 
the PC-Mo mirror reduces the fraction of the retained H in comparison to 
the not coated surface: 1 at.% in sample 9D versus 2 at.% in 9A, see 
Fig. 10(c). 

The data obtained indicate the direction of changes even under small 
doses. In addition to the serious influence of He irradiation on the optical 

performance, the data show an impact on fuel retention properties of the 
exposed components. 

Concluding remarks 

Reliable performance of first mirrors will be crucial in reactor safety 
and plasma research as long as the use of such optical components is 
planned in the next-step devices, both ITER and various DEMO concepts. 
All data obtained until now in current machines show that CXN and wall 
composition are decisive for the state of first mirrors. Supporting 
laboratory-based research [5,20] and modelling of CXN fluxes [16] help 
identification of issues and topics for further research. They may also 
indicate ways towards solutions. 

This work has provided two major contributions to the field: (i) 
behavior of PC versus SC under ion irradiation; (ii) impact of B (first- 
ever studies) and W on reflectivity. Comparative studies of poly-
crystalline and single crystal Mo mirrors damaged by self-irradiation 
with Mo+ and He+ have identified only small differences in the optical 
performance and surface state of respective test samples. One may 
expect similar behavior of both types of Mo materials under reactor 
conditions. 

Co-deposition and co-implantation of tungsten will occur in a long- 
pulse or a steady-state reactor. The data from deposition and implan-
tation experiments indicate that such W deposition is a significant threat 
for optical properties. Decisively more serious effects are associated with 
the B deposition degrading optical properties, while fairly significant 
boron fluxes will occur in a boronized full W surrounding. It is stressed 
that these are early data on the boron impact on mirrors, while 
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Fig. 7. Quantitative HIERDA depth profiles of elements present in the Mo mirrors implanted with: (a) tungsten, mirror 5, and (b) boron, mirror 6. The amounts are 
given in atomic percent. 

Table 2 
Magnetron-assisted sputter cleaning cycles to recover the SC-Mo(111) after W 
film deposits.  

Cleaning 
cycle 

Exposure 
time [s] 

W layer before exposure 
[1015 atoms cm− 2] 

W layer after exposure 
[1015 atoms cm− 2] 

#1 400 140 0.6 
#2 50 390 200 
#3 400 410 1.3  

Fig. 8. Specular reflectivity of the initial polished SC-Mo(111) mirror, the 
mirror with the deposited W layer of 140 × 1015 atoms cm− 2, corresponding to 
22 nm, and the recovered mirror after the cleaning cycles #1, #2 and #3 in 
dotted lines. 

Fig. 9. Specular reflectivity measured on the undamaged and pre-damaged PC- 
Mo mirrors with 2 dpa and 20 dpa. 

L. Dittrich et al.                                                                                                                                                                                                                                 



Nuclear Materials and Energy 37 (2023) 101548

9

synergistic effects of W and B cannot be excluded. It may be deemed, 
however, that the low-Z species (H isotopes, He and B) will become 
decisive species for compositional changes in the surface region, i.e. 
OAL. 

The experience gained for tokamak activities and laboratory systems 
is merged in the unique experiment carried out in JET-ILW. The 
currently installed mirrors serve both for optical tests and, as deposition 
monitors in fuel retention studies. The laboratory data in Section 3.4 
show the correlation of damage and retention. One understands that 
laboratory experiments may not quantitatively reflect the reactor sce-
nario, but the tendency of property changes in damaged and He irra-
diated materials is clearly indicated. 
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