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a b s t r a c t

The reflectance of Be mirrors due to impact by ions from a deuterium plasma has been studied under sev-
eral bombardment conditions. Analysis of the resulting surface films has been performed using various
diagnostic techniques, with the conclusion that the primary factor leading to the decrease in reflectance
following bombardment with energetic ions is the conversion of the surface oxide layer, composed of
BeO, to the hydroxide, Be(OD)2, with a corresponding increase in the optical extinction coefficient. The
increase in the thickness of the layer is also important. Modifications to the surface layer are thought
to involve a balance between the ion-induced diffusion of Be atoms to the surface where they may react
with incident D and O atoms, and physical and chemical sputtering processes. For incident ion energies
less than �50 eV, chemical reactions leading to disoxidation of the oxide–hydroxide film dominate, while
keV-range ions (primarily D, but with some O impurities) lead to the formation of hydroxide, and an
increase in the surface layer thickness.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The current baseline design for ITER specifies that first wall ar-
mor tiles will be made of beryllium. Experience with current fusion
devices thus suggests that beryllium will be the primary element
deposited on remote inner surfaces. In particular, the mirrors of
some optical and laser diagnostics, necessarily located in positions
line of sight to the plasma, may quickly become coated by a layer of
beryllium. Since a Be film as thin as 20 nm would convert the
reflectance of a mirror of any other material to a reflectance close
to that of beryllium, it may make more sense to begin operation in
ITER with solid Be mirrors. This reasoning has led to the investiga-
tion of the behavior of Be mirrors exposed to deuterium plasmas,
with some results published in previous papers [1–3].

However, recent Be deposition experiments on PISCES-B [4]
have shown that the Be films deposited on W or Cu mirror speci-
mens had a very high porosity and their reflectance was much low-
er than the reflectance of bulk Be mirrors. While this does not rule
out the use of solid Be mirrors, it highlights the need for further
experiments to aid in the understanding of beryllium surfaces
exposed to hydrogen plasmas.
ll rights reserved.
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In this paper, we review the latest results on experiments with
Be mirrors with the following intentions: (i) the properties of
deposited films strongly depend on the deposition conditions,
and it is possible that the reflectance of the Be film deposited on
some in-vessel mirrors would be similar to the reflectance of a bulk
Be mirror; (ii) new results are available which help to explain the
changes to the optical properties of Be mirrors observed in [1–3] as
being the result of surface chemistry involving oxygen impurities
in the deuterium plasma; (iii) since beryllium is being used, or is
planned for mirrors on space-based telescopes (e.g. [5,6]), the
chemical processes on the surface of Be mirrors subjected to mix-
tures of hydrogen and oxygen ions may also simulate the experi-
ence of Be mirrors on such satellites.

During the experiments on Be mirrors described in [1–3], a
complex reflectance behavior during exposure to deuterium plas-
mas ions was observed: there was a sharp drop of reflectance after
short exposures to keV-energy ions, followed by the near full res-
toration of the reflectance when the mirrors were subsequently ex-
posed to low-energy (�50 eV) ions from the same plasma. It was
hypothesized in [3] that such behavior is caused by some chemical
processes on the mirror surface. Recent work with Al mirrors [7], as
well as further experiments with Be, have related the changes in
reflectance to changes in the thickness and composition of the sur-
face oxide layer. The experiments with Al mirrors were prompted
by the diagonal analogy between Be and Al [8], and because of the
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Fig. 1. Ion energy dependences of the drop (curves ‘‘down”) and restoration (curve
‘‘up”) of reflectance for two Be samples.
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wider range of surface diagnostics available for Al (due to safety
considerations). It was found that Al mirrors have a very similar
reflectance behavior to Be [7], and surface analysis by Auger elec-
tron spectroscopy and secondary ion mass spectrometry (SIMS)
have given additional support to the proposed surface processes
(in Section 4 we also show some results from experiments with
Al mirrors).

The increase in thickness of the oxidized layer on a Be surface
due to radiation induced oxidation was first observed [9] during
exposure of Be specimen to bombardment with D+ and He+ ions
of 2.5 and 5 keV, respectively, under vacuum conditions, but with
a partial pressure of oxygen-containing molecules of 10�5 Pa.
Much later the authors of [10] observed the increase of an oxidized
surface film when a Be specimen was exposed to deuterium atoms.
Based on the composition of the SIMS spectrum, the authors of [10]
came to the conclusion that the increase in film thickness is mainly
due to formation of beryllium hydroxide, Be(OD)2 according to
reaction: 2BeO + 2D ) Be(OD)2 + Be + 0.7 eV/D.

The present paper builds on these results, further developing
the mechanisms involved in the formation and transformation of
the surface oxide layers, and the effect on reflectance.
2. Experimental

The mirror specimens, disks 30 mm in diameter and 3 mm
thick, were fabricated of hot pressed beryllium with different grain
sizes. Two further specimens of dimensions 13 � 13 � 8 mm were
analyzed by X-ray photo-electron spectroscopy (XPS) to give the
chemical composition of the surface oxide layers following expo-
sure to the deuterium plasma. Specimens were exposed to ions ex-
tracted from a deuterium plasma in a device (DSM-2) with a
double-mirror magnetic configuration operated at the electron
cyclotron resonance conditions (magnetron frequency 2.37 GHz)
[11,12]. The base pressure in the vacuum system was
�2 � 10�4 Pa, while during operation, the deuterium pressure
was around 2 � 10�2 Pa. With a magnetron power of �400 W,
the plasma parameters were: ne � 1016 m�3, Te � 5 eV. The copper
specimen holder was water-cooled and placed on the system axis,
just outside the magnetic mirror; it was biased negatively at a fixed
potential in the range 30–2000 V.

After every exposure event the reflectance of the mirror speci-
mens was measured ex situ at normal incidence in the range
220–650 nm. Also, for a couple of Be samples in situ measurements
of reflectance at a wavelength 650 nm were made as a function of
the exposure time. Ellipsometry was used to find the optical indi-
ces, and an additional characterization of the optical properties,
namely, the ability of a mirror to transmit the image of a luminous
object (image quality, IQ), was measured at a special stand.
3. Experimental results

3.1. Dependence of reflectance on ion energy

We have previously published similar measurements [2,3] but
with low statistics and a limited set of Be mirror specimens. Thus,
the experiments were repeated with Be specimens with different
structures and purities. Two identical Be mirror samples (TGP-56,
BeO content 0.9–1.3%, grain size 50–60 lm) were repeatedly ex-
posed, in turn, to ions of different energies in the range 30–
2000 eV and after each exposure the behavior of their reflectance
was measured ex situ using a 2-channel scheme as in [11,12]. Every
time the ion energy exceeded �60 eV a decrease of the specular
reflectance was observed, with the magnitude of the decrease
increasing with increasing ion energy. This is shown in Fig. 1 for
two wavelengths, indicated by ‘‘down” in the legend. Note that
some points of these graphs were obtained with mixture of deute-
rium and helium with estimated ratios (35–40)/(65–60) of partial
pressure of deuterium (the sum of masses 3 and 4) to helium pres-
sure. The use of He in the plasma will be discussed below.

It was found that the decrease in reflectance can be partly
restored by exposing the mirror not only to low-energy ions of
�50 eV, as was found earlier [2,3], but to ions with any energy be-
low that of the initial bombardment. However, to have a full resto-
ration of reflectance, the exposure to lower energy ions has to last
for a much longer time (about an order of magnitude) than the ini-
tial bombardment with the more energetic ions which led to the
drop of reflectance. This ion energy dependence of restored values
of reflectance at k = 220 nm is shown as the curve ‘‘up” in Fig. 1. It
is seen that the higher energy of ions used during the restoration
procedure, the lower the degree of reflectance restoration in com-
parison with its initial level. A full recovery of reflectance took
place only for ion energies below 60 eV. A careful analysis of the
low-energy range (0–200 eV) found that a full restoration of reflec-
tance, as measured at k = 220 nm, can be reached for ion energies
�30–40 eV, while the threshold for the drop in reflectance is near
55–65 eV; an experimental accuracy of 1–1.5% on the reflectivity
measurements limits the further narrowing these energy intervals.

In comparing the data obtained with deuterium and deute-
rium–helium plasmas, some quantitative differences in behavior
was observed, see Fig. 2. The D2 + He plasma exposure resulted in
a somewhat larger decrease in reflectance as compared to the case
of D2 plasma. This will be discussed later.

An important result obtained during these experiments is that
the two Be mirror specimens passed through many drop-restora-
tion procedures and the total ion fluence amounted to
�2.5 � 1026 ion/m2 (the total exposure time exceeded 60 h for
each mirror, with a mean ion current density �15 A/m2). However,
they continued to exhibit a high ability to transmit an image (high
IQ), as demonstrated in Fig. 3: the IQ profiles of an Al etalon and a
Be mirror were found to have an ideal coincidence [13]. This fact is
additional evidence that the reflectance changes are not connected
with modifications to the Be metal surface (i.e., development of the
microrelief) but are due to chemical processes in the surface oxide
layers, as postulated in [1–3].

3.2. Ellipsometer measurements

The degradation of Be mirror reflectance due to bombardment
with keV-energy range ions in the DSM-2 device is thought to be
caused by the transformation of the surface oxide layer partially
into a hydroxide [3]. To find the optical properties of the
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Fig. 2. Wavelength dependences of the initial reflectance (after cleaning with 60 eV
ions) and the reflectance following subsequent exposure to similar fluences of ions
of deuterium or deuterium–helium plasmas with energies of 1.35 keV.
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Fig. 3. Normalized IQ profiles for an Al etalon and for one of two beryllium mirror
specimens following the numerous plasma-ion exposures resulting in data shown
in Fig. 1.
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Fig. 4. The spectral indices of an oxide film on specimens Be4B, Be4H after cleaning
with low-energy ions, from a D or Ar plasma, respectively. Also shown are the
indices of a hydroxide film on specimen Be4B after bombardment with high energy
ions from a D plasma.
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transformed film and to estimate its thickness, the ellipsometry
method was used. In this section, we describe the main results ob-
tained by ellipsometry; to distinguish between the initial state of
mirror surface and the transformed state we will use the terms
‘oxide’ and ‘hydroxide’ films, respectively.

The above results of reflectance at normal incidence, R(k), in the
range k = 220–650 nm were obtained by ex situ measurements
after every exposure of specimens to some ion fluence. Spectral
reflectance could also be evaluated from the spectral polarization
angles Wm(k) and Dm(k) obtained by means of a spectral ellipsom-
eter (k = 380–720 nm, angle of incidence 50� or 75�) with a rotating
analyzer (RAE). Using the data on polarization angles, the spectral
optical indices (refraction, n, and extinction, k) of the film and the
film thickness were found. The evaluation of spectral optical indi-
ces was also made at one wavelength by the multiangular method
using a standard laser ellipsometer (LEF-3M-1, k = 632.8 nm, angle
of incidence 45–80�). The data obtained from both ellipsometers
were processed in a model consisting of a homogeneous single-
layer film on the surface of a Be substrate.

Using the data on the polarization angles Wm(k) and Dm(k), the
spectral optical constants of the oxide or hydroxide layer (refrac-
tion index n(k) and extinction coefficient k(k)), and the film thick-
ness d were calculated for two Be mirror specimens, Be4B and
Be4H, that had initially very similar optical characteristics. For
calculation of reflectance for Be specimens without a surface film
(clean surface model) and with an isotropic homogeneous film in
the single-layer-film model (oxide or hydroxide), the optical indi-
ces n0(k), k0(k) of pure beryllium [14] were adopted.

The optical indices n1(k), k1(k) of the surface oxide are shown in
Fig. 4 for specimen Be4B after exposure to deuterium ions of
Ei = 60 eV (ion current density j = 14.7 A/m2, duration Dt = 90 min),
and specimen Be4H after exposure to Ar ions (Ei = 300 eV, j = 8.5 A/
m2, Dt = 10 min). The calculated thickness of the oxide films on
both specimens is about equal: d4B � d4H � 8 nm. At the wave-
length kHe–Ne the optical indices of the oxide are n1 = 1.62, k1 = 0
for Be4B and n1 = 1.77, k1 = 0.03 for Be4H. The calculated spectral
reflectance of both specimens with oxide films, together with mea-
sured reflectance values are shown in Fig. 5 (oxide label). Also
shown is the calculated spectral reflectance for a clean Be mirror.

The agreement between the calculated spectral reflectance and
the measured ones confirms the correctness of the choice of mod-
els used in the ellipsometric evaluation. Within the range k = 380–
650 nm the best agreement between calculated reflectance Rce(k)
with measured Rm(k) was found for specimen Be4H with a surface
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oxide layer: |Rce(k) � Rm(k)| < 1%. Thus, the basic spectral indices
for an oxide film on Be were taken from the Be4H results.

In Fig. 4 the indices of the hydroxide film on sample Be4B
formed after bombardment with high energy deuterium plasma
ions (Ei = 1.35 keV, j = 21.4 A/m2, Dt = 21 min) are also shown
(hydroxide label). The thickness of the film has increased to
�17 nm. The indices are: n2 = 2.22, k2 = 0.28 at k = 380 nm and
n2 = 2.5, k2 = 0.08 at k = 650 nm. The calculated spectral reflectance,
Rce(k), for the Be4B specimen with hydroxide film is very close to
the measured one, Rm(k): |Rce(k) � Rm(k)| K 1.5%, as is shown in
Fig. 5 (labels 5 and 6).

In analyzing the ellipsometry data for the Be specimens, it is
seen that both the D and Ar plasma cleanings are rather effective,
giving similar effects on spectral indices, film thickness (Fig. 4) and
reflectance (Fig. 5) for specimens Be4B and Be4H. The principal dif-
ference is that for acceptable cleaning the exposure times must be
much longer for the low-energy deuterium ions, than for the more
energetic Ar ions. This is due to the different cleaning mechanism,
chemical erosion and physical sputtering for D and Ar, respectively.
However, with Ar ions some precautions have to be taken, as there
is a possibility of developing roughness on the surface through
extensive sputtering.

The oxide film indices in Fig. 4 (n1 = 1.51–1.76, k1 � 0) tend to-
ward data for pure BeO films deposited on a sapphire plate,
n1(k) = 1.67–1.65, k1(k) = 0 [15]. The spectral indices of the hydrox-
ide film (n2 = 2.22–2.51, k2 = 0.08–0.28) are noticeably higher than
the oxide film values (n1 = 1.68–1.78, k1 � 0) within the wave-
length range k = 380–650 nm. Thus, the oxide film on Be specimens
is almost transparent and significantly thinner (d = 8 nm) than the
hydroxide film; the latter is thicker (d = 17 nm) and has a non-zero
extinction coefficient. Thus, the chemical change from an oxide
layer to a hydroxide layer fully explains the drop of reflectance ob-
served following exposure of Be mirrors to the keV-energy range
ions from the deuterium plasma.

3.3. Composition of the surface layer

Measurements of the chemical composition of the surface lay-
ers for one of the square Be specimens was made by sputter-XPS
at different points in the plasma-exposure cycles. The reflectance
behavior of this specimen at two wavelengths is shown in Fig. 6
as a function of the total fluence of deuterium plasma ions. As indi-
cated on the figure, the consecutive exposures to keV-energy ions
(procedure 1) and to low-energy ions (procedure 2) were repeated
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Fig. 6. Total ion fluence dependence of reflectance at the indicated wavelengths for
Be mirror specimen prepared for XPS analysis. 1 – Indicates the drops of reflectance
due to bombardment with 1350 eV ions, 2 – restoration of reflectance due to
bombardment with 60 eV ions, 3 – vacuum annealing (2 h at 200 �C) after the drop
of reflectance.
for this particular sample 4 and 3 times, respectively, with a full
restoration of reflectance after every long-term exposure to 60 eV
ions.

The XPS analyses were made three times, indicated by marks
X1, X2, X3 on Fig. 6: after cleaning by 10 min exposure to 300 eV
Ar+ ions (position X1), after a 35 min exposure to ions from a deu-
terium plasma with 1350 eV incident energy (position X2), and
after the second recovery procedure, 4.3 h exposure to low-energy
(60 eV) ions (position X3). The results of XPS measurements are
shown in Fig. 7.

The results of the XPS analysis are consistent with ellipsometry
measurements, with the keV-ion bombardment leading to a thick-
er oxygen-containing surface layer, and the low-energy ion bom-
bardment leading to a thinner surface layer. Unfortunately, the
small energy shift between the bonding lines corresponding to
beryllium oxide and beryllium hydroxide prevented information
about the hydroxide character of the surface from being deter-
mined. The mechanisms involved in these transformations will
be discussed later.
3.4. Exposure time dependence of reflectance

The addition of in situ optical techniques has enabled more de-
tailed measurements of the time dependence of the reflectance
changes at one wavelength (650 nm), Fig. 8. It was found that a sig-
nificant drop of the reflectance, DR(t) = R(t) � R0, occurs after only
1 min of ion exposure, see Fig. 9: curves with open squares and
open circles of Fig. 9 are for parts 1–2 and 3–4 of the reflectance
time dependence in Fig. 8, respectively. One minute is the mini-
mum time required for stable discharges to be established in
DSM-2, and the 1 min ion fluence corresponds to �7 � 1021 ion/
m2. A comparison with ex situ measurements at 650 nm is also
shown on Fig. 9 (solid squares). The qualitative agreement between
the in situ and ex situ measurements of the reflectance is clearly
seen, though the ex situ data appear to demonstrate a saturation
of the reflectance drop behavior sooner than the in situ data. This
qualitative agreement confirms that a relatively short (few hours)
exposure to air prior to the ex situ measurements does not have
significant influence on the optical properties. Further, the full res-
toration of reflectance (parts 2–3 of the curve in Fig. 8) again is an
indication that the change in reflectance is connected with chem-
ical processes on the surface and not with the appearance of
roughness.
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3.5. Characteristics of microrelief

An attempt was made to look for a correlation between the
reflectance behavior and the surface microrelief of the Be mirrors.
With this aim three Be specimens (TGP-56) of similar initial struc-
tural and optical characteristics were exposed in parallel: speci-
men A was subjected to the cleaning procedure with 40 eV ions
Table 1
Conditions and results of exposure of samples A–C. The root mean square, Rq, i.e., the surfa
‘islands’ along the surface, a, were calculated using the data of AFM measurements. The s

Procedure; time exposures for different procedures (min) Procedure; characteris

Cleaning, 40 eV

Rq a

A (c1400 ? cd20’) 4.0 15–25
B (c500 d200 ? cdr1800)
C (c150d200r1500 ? cdrd200)

The abbreviations in the first column are: c – cleaning (40 eV), d – degradation (1350 e
from the deuterium plasma; specimen B was cleaned in the same
way and then bombarded with 1350 eV energy ions; and the third
specimen, C, was subject to a long-term exposure of 40 eV ions fol-
lowing the two procedures applied to specimen B. The surfaces of
all specimens were analyzed by means of an atomic field micro-
scope (AFM) and after that the exposures to deuterium plasma ions
were continued: specimen A was bombarded with 1350 eV ions,
specimen B was long-term exposed to 40 eV ions, and specimen
C was again bombarded with 1350 eV energy ions. Afterwards
the surfaces of all three samples were analyzed a second time by
AFM. The results are shown in Table 1 and Fig. 10.

It is seen that exposure of the cleaned specimen A to high en-
ergy ions (c ? cd) resulted in an increase of the parameter Rq.
Exposure of specimen B, after similar procedures, to low-energy
ions (cd ? cdr) led to an appreciable decrease of Rq. Specimen C,
treated to the same exposures as B in the previous procedure, then
again bombarded with high energy ions (cdr ? cdrd), showed an
increase of the parameter Rq. Thus, Rq increases under exposure
to high energy ions and decreases when the sample is exposed to
low-energy ions.

The AFM photos after the next to last and the last procedures for
each specimen indicated in Table 1 are presented in Fig. 10. Mea-
surements of spectral reflectance at times corresponding to the
AFM photos are also shown; the solid lines show the reflectance
before the procedure indicated under the graph and the dotted
lines the reflectance after the procedure.

It is evident from a visual inspection of the photos that each
time a Be mirror specimen was exposed to 1350 eV ions (procedure
d), not only the roughness parameter increases as indicated in Ta-
ble 1, but the spatial characteristics of the surface microroughness
became more pronounced than after exposure to low-energy ions
(procedures c and r). This visual impression is supported with
qualitative analysis of the size distribution of spatial dimensions
of surface inhomogeneities for each of Be samples, see Table 1.
The analysis procedure consisted in finding a Fourier spectrum
containing the harmonics associated with the longitudinal dimen-
sions of irregularities. The sampling of relief heights was done
along a spiral curve with length L0 = 10 lm using the data on irreg-
ularity heights from the matrix (500 � 500 elements, 1 � 1 lm or
5 � 5 lm) representing the map of heights obtained by electronic
processing of the AFM data.

Fig. 11 shows the results of such a quantitative analysis based
on photos of Fig. 10; the amplitude SP for each harmonic is plotted
as a function of the characteristic length, L, for that harmonic.
According to these results, after procedures (c ? cd) and
(cdr ? cdrd) were applied to specimens A and C almost all longitu-
dinal harmonics of the spatial spectrum increased. In contrast,
exposure of specimen B to low-energy ions (cd ? cdr) resulted in
the amplitude of practically all (mainly, medial and major) spatial
harmonics decreasing.

Thus, after exposure to high or low-energy ions the harmonic
contributions in the spectra of spatial inhomogeneities as well as
the Rq values change in qualitative agreement with the reflectance.
ce roughness parameter characterizing heights of irregularities and the lateral size of
ize of the AFM square test region is 5 � 5 lm.

tics of surface irregularities (Rq, a) (nm)

Degradation-1, 1350 eV Recovery, 40 eV Degradation-2, 1350 eV

Rq a Rq a Rq a

5.4 15–55
3.4 25–100 2.6 7–15

2.5 7–15 4.4 25–100

V), r – recovery (40 eV). Times of exposures are indicated in minutes.
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However, it is very important to note that such modification of the
surface morphology plays only a minor role in the reflectance
change. Application of the Bennett formulae for specular reflec-
tance at normal incidence as a function of surface roughness [16]:

R ¼ R0 exp½�ð4pdÞ2=k2�

at k = 220 nm and for a mean value of the surface microrelief of
d = Rq = 5 nm gives only �4% of the absolute reflectance decrease,
in comparison to the reflectance of the smooth surface (R0). For
k = 650 nm the decrease of reflectance is calculated to be less
than 1%. Experimentally, the observed decrease in reflectance is
�30% and �10% at these wavelengths (Figs. 6, 8 and 10). This
comparison demonstrates that the observed drop of reflectance
due to keV-energy ion bombardment is not connected with the
development of the nm-scale irregularities seen by the AFM.
However, the observed spatial irregularities probably do charac-
terize the structure of the different surface layers, either the
oxide, (e.g. specimen A state (c) or specimen B state (cdr)) or
the hydroxide (e.g. specimens A and B, state (cd) or specimen C
state (cdrd)).

Such a big difference between the measured reflectance
changes and the ones estimated from the AFM data, indicate that
the optical characteristics of the surface films (Fig. 4), and the
changes to the film thickness (Figs. 5 and 7) dominate the reflec-
tance behavior.
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4. Discussion

In experiments with Al mirror samples [7], it was found that Al
mirrors had very similar reflectance behavior to the Be mirror
specimens. In that study, in addition to XPS, two other methods
of surface analysis were applied: Auger electron spectroscopy
and SIMS. The results of all these methods agreed very well [7].
As an example we show in Fig. 12 SIMS measurements of Alþ3 clus-
ters from three Al mirror specimens corresponding to the three
surface states: ‘‘initial” – following the initial cleaning procedure
with low-energy ions; ‘‘1350 eV” – after a short exposure to
1350 eV ions (subsequent to an initial cleaning); ‘‘60 eV” – follow-
ing a long exposure to low-energy ions, again subsequent to the
initial cleaning and the 1350 eV ion exposure. Assuming the
three-atom cluster to be an indication of surface cleanliness, an in-
crease in surface film thickness was clearly observed following the
energetic ion bombardment, and a decrease following the long
exposure to low-energy ions. Thus, the data of Fig. 12 are in a good
agreement with the other results presented in [7].

The decrease in reflectance observed for the Be mirrors is now
tied to two changes in the surface oxide layers which occur during
bombardment with keV-range ions from the D+ plasma (which in-
cludes small amounts of water vapor): (i) an increase in the thick-
ness of the oxidized film, and (ii) modification of both optical
indices, and especially important – a significant increase of extinc-
tion coefficient of the thicker films, as showed by ellipsometry
(Figs. 4 and 5).

We have modeled the hydroxide film growth due to keV-ion
bombardment in the following way. We start with an initial BeO
film thickness of d = 8 nm, which begins its transformation to
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Fig. 12. Time dependence of intensity of Alþ3 peak for three Al samples bombarded
with 5 keV Ar+ ions during SIMS measurements.
hydroxide just after exposure begins. As mentioned above, the
minimum experimental exposure time was 1 min, and thus the
minimal ion fluence to the specimen was �7 � 1021 ion/m2. This
value is about one order of magnitude larger than the number of
oxygen atoms in a BeO film of 8 nm thick, �6.2 � 1020 O atoms/
m2 [17]. Taking into account the backward reflection of some part
of the ion flux (�20% according to [18]) and the fact that a large
portion of the deuterium ions contain two or three atoms [19],
then it may be concluded that after 1 min of exposure, more than
ten deuterium atoms are implanted into the film for every BeO
molecule. The cross section for the process of oxide–hydroxide
transformation under D ion implantation is not known, however,
more than a factor ten difference between the fluence of D ions
and the number of oxide molecules suggests that it may be reason-
able to assume the near-complete transformation of the oxide into
a hydroxide film according to the reaction:
2BeO + 2D) Be(OD)2 + Be. This is the first stage of the process,
characterized by the full (or almost full) transformation of existing
oxide film (with k � 0) into a hydroxide film (with k > 0) and lead-
ing to the abrupt drop in reflectance observed after 1 min expo-
sure, Figs. 8 and 9. The second stage of the process involves the
relatively slow increase in thickness of the surface layer, predom-
inantly hydroxide, due to the continued ion bombardment. This
may be due to the formation of new oxide molecules followed by
a similar transformation into hydroxide and/or due to the direct
creation of hydroxide molecules from the reaction of free Be atoms
with water molecules. As all of the oxide molecules in the original
layer are already assumed to have been converted to hydroxide,
this process necessarily involves both a source of both Be and O
atoms in addition to the deuterium ions, this is discussed below.
It is noted that the beryllium oxide imbedded in the bulk of the
specimens (along the Be grains) is unlikely to have any practical
impact on the surface reactions in comparison with an impact of
water vapor from the vacuum background, as there is no measur-
able sputtering of specimens which would be required to liberate
this source of oxygen.

Modeling results for the hydroxide film thickness as a function
of the time of exposure to keV-energy ions, based on the
k = 650 nm in situ reflectance data, Fig. 9a, the BeO optical indices
of Fig. 4 (n2 = 1.74, k2 = 0.05 for Be4H) and initial thickness of
BeO (8 nm) are presented in Fig. 13. Curves 1 and 2 correspond
to segments 1–2 and 3–4 of the in situ reflectance measurement
(Fig. 8) and to the curves ‘in situ 1st run’ and ‘in situ 2nd run’ in
Fig. 9.

The time, or fluence dependence of the hydroxide layer growth,
roughly from 9 nm to 16 nm in 17 min, allows us to make compar-
isons with the rate of oxide layer growth reported in [9]. It was
found there, that approximately seven oxygen atoms were added
to the layer for every 1000 incident D atoms (5 keV Dþ2 ions), or
one oxygen per 140 D. In the present experiments, we assume a
Be(OD)2 density of �2 g/cm3 (instead of 1.92 g/cm3 for Be(OH)2),
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and thus the initial 9 nm thickness of hydroxide layer contains
�4.8 � 1020 O/m2. During minutes 1–5 of the ion exposure, the
film thickness increases from 9 to 13 nm, corresponding to the in-
crease in the density of O atoms of �2.1 � 1020 O/m2, and experi-
ences an ion fluence of �2.8 � 1022 ions/m2. Again taking into
consideration particle reflection and multi-atom ions, the D atom
fluence is �3.5 � 1022 D/m2, with the average deuterium atom en-
ergy noticeably below 1 keV. Thus, over this 4 min exposure, we
add one oxygen atom for each �170 D atoms, in reasonable agree-
ment with [9]. As the fluence increases, this rate drops off quickly
as the oxide thickness saturates while the rate remains constant in
[9]. This is likely due to the lower ion energy and, hence, D atoms
range in the current experiments.

One further comparison between the results of [9] and the pres-
ent results is obtained from Be specimens which were bombarded
with 5 keV He+ ions and ions from the D2 + He plasma, respectively.
In [9] the rate of oxide/hydroxide growth was a factor of 13 times
higher with 5 keV He+ ions than with 2.5 keV deuterium ions. In
our case, we observed an increase in the rate of reflectance degra-
dation when Be mirror samples were exposed to 1.35 keV ions
from the D2 + He mixed plasma in comparison to ions from D2 plas-
mas (Fig. 2). In both cases it appears that He+ ions played the role of
a catalyst, increasing the diffusion of Be atoms ([9]) and/or increas-
ing the rate of breaking the bonds of BeO molecules (our experi-
ments). The increasing rate of oxidized film growth with He ions
is in some ways surprising, as, according to [20], the physical sput-
tering yield of BeO with 5 keV He ions is five times higher than
with 2.5 keV D ions. The mechanism suggested in [9] was the radi-
ation enhanced diffusion of beryllium atoms from the metal sur-
face to the outer oxide film surface where they meet additional
oxygen atoms and form oxide. The mechanism of beryllium atom
diffusion through the oxide layer was confirmed experimentally
in [21], where the kinetics of beryllium oxidation was studied as
a function of temperature with the aid of two oxygen isotopes,
16O and 18O.

For this mechanism to be effective, the ion range in the BeO
must be greater than the BeO film thickness. Range calculations
(with the SRIM 2006 program) as a function of D+ ion energy,
Fig. 14, demonstrates that for our highest ion energy (1.35 eV)
the mean ion range is near 20 nm, and the maximum range is
about factor two longer. Thus, the mechanism of ion-induced diffu-
sion of Be atoms through the oxide layer is consistent with the fast
transformation of the initial �8 nm thick BeO film into a hydroxide
film with following much slowly increase of the transformed film
thickness to a maximum of �17 nm (ellipsometry measurements,
Section 3.2 and Fig. 13).

From the AFM data (Section 3.5, Figs. 10 and 11), two further re-
sults follow. First, it should be noted that the observed scale of spa-
tial irregularities does not correlate with the size of grains (50–
60 lm, as was mentioned above). Second, the AFM data of the
roughness parameter gives a measure of the quality of the mirror
polishing, as the surface roughness of the bulk Be specimen cannot
be not greater than the minimum roughness measured with AFM,
i.e., not more than �3 nm.

Finally we discuss the mechanism involved in the decrease of
the surface layer thickness when Be (and Al) mirrors are exposed
to low-energy, �50 eV, deuterium plasma ions. The mechanism is
probably a combination of both physical sputtering and chemical
erosion. The importance of chemical erosion follows from the
observation of reflectance restoration for ion energies as low as
20 eV [3], i.e., a little less than the threshold for the physical sput-
tering of BeO with D ions [20]. As the ion energy is increased to
P40 eV, then physical sputtering becomes possible and manifests
itself through the faster restoration of the reflectance for 60 eV ions
in comparison with 20 eV ions [3]. If we assume the same film den-
sity as in [17], the �17 nm thick hydroxide film will contain
�9 � 1020 O atoms/m2. The fluence of low-energy ions can be ta-
ken from the graph for reflectance restoration shown in Fig. 8
(parts 2–3 of the curve); the value averaged over 90 min restora-
tion procedure is �5.6 � 1023 ion/m2. Thus the cleaning efficiency
is �620 deuterium ions per every O atom removed from the film.
Taking into account the multi-atom ions in the plasma, the effi-
ciency is approximately 1000 D atoms per every atom of oxygen.
This value is in reasonable agreement with published data for some
other metals [22]: �130 D atoms for NiO, �300 – for Fe2O3 and
MoxOy, and �500 D atoms for TiO2.
5. Conclusions

The optical properties of Be and Al mirrors subjected to impact
by keV-energy ions from a deuterium plasma contaminated with
oxygen were found to be very sensitive to chemical processes on
the specimen surface, in particular, to the conversion of a relatively
thin oxide layer to a thicker hydroxide layer. AFM measurements
have shown the hydroxide film to have a modulated structure with
a longitudinal size in the range 20–100 nm and �5 nm vertically.
However, such surface structure has only a minor effect on the
reflectance drop due to keV-energy deuterium plasma ions, which
is primarily caused by the modified film having a non-zero extinc-
tion index (as distinct from the BeO film).

http://www.srim.org
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Ion-induced diffusion of Be atoms through the surface oxide
layer is thought to be a critical part of the surface layer growth,
and this is connected to the ion range in the film. Ultimately, there
is a balance between physical sputtering from the oxide layer sur-
face, and the reformation of the oxide/hydroxide layer through ion-
induced diffusion. The effect appears to be stronger if helium is
added to the deuterium plasma (which may be important for ITER).

The oxide–hydroxide film, can be slowly eroded by the impact
of low-energy deuterium ions (20–50 eV) restoring the original
optical characteristics of Be (and Al) mirrors. This is thought to
be the result of a combination of chemical erosion and physical
sputtering processes.

The very high sensitivity of the optical characteristics of pol-
ished Be or Al surfaces to the nature and thickness of the surface
film suggests that optical methods might be used for the in situ
control of the chemical modification of these materials, even if
they are not being used as mirrors.
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