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a b s t r a c t

The ion-induced modification of aluminum alloy mirrors, under bombardment by deuterium plasma ions
has been investigated as a simulation of the environment effects on in-vessel mirrors in ITER. Ellipsom-
etry and reflectrometry have been used to characterize the mirror surface, along with several surface
diagnostic techniques (XPS, Auger, SIMS). The results of multiangular- and spectro-ellipsometry were
analyzed using both a bare surface model, and effective medium model; the medium was composed of
Al, Al2O3 (Al(OD)3 or AlOOD), and voids. It was found that the reflectance decreases following exposure
to keV-range ions, but can be restored by subsequent exposing the mirror to low-energy ions (�60 eV).
Chemical processes related to an increased oxide layer are thought to be responsible for the decrease in
reflectance, while the reduction of the oxide layer following low-energy D+ exposure may lead to the
return of high reflectance. By comparing the measurements with the results of modeling, a mechanism
is suggested to explain the experimental data. The mechanism is based on: (1) chemical processes in a
surface layer and (2) changes in the thickness and roughness of the surface layer.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Aluminum is one of very few metals with a high reflectance
(�90%) which is only weakly dependent on wavelength (starting
from �200 nm) [1]; a property which makes it attractive for diag-
nostic mirrors in fusion experiments such as ITER. However, alumi-
num has not been considered a viable material for in-vessel
mirrors for ITER due to the rapid degradation of reflectance, R, un-
der deuterium ion bombardment [2,3]. This is in comparison with
other materials investigated under similar conditions: exposure to
a deuterium plasma with a wide energy distribution (0.1–1.0 keV),
measuring reflectance in the range k = 250–650 nm.

Fig. 1a shows the reflectance of Al mirrors at three wavelengths
as a function of the ion-sputtered layer thickness, R(h) (h was
found by weight loss measurements) [2]. A comparison with other
metals at k = 600 nm is shown in Fig. 1b. The latter graph clearly
demonstrates that the drop in R(h) is much faster for Al than for
other metals, including copper, despite the fact that the sputtering
yield for copper is higher than that for Al [4]. This comparatively
rapid degradation has led to little consideration of Al for first mir-
ll rights reserved.

(J.W. Davis).
rors in ITER, where sputtering by charge-exchange atoms is ex-
pected to play one of the major roles in then degradation of
mirror optical properties.

We have returned to the study of Al mirrors, following our work
with Be mirrors [5,6] where it was determined that ion-induced
chemical processes in an oxidized surface layer played an impor-
tant role in the alteration of optical characteristics. It is well known
(e.g., [7]) that a diagonal analogy for aluminum and beryllium in
the periodic table is stronger than between many other pairs of
elements. As will be shown below, a high degree of similarity also
exists in the behavior of mirrors of these metals when they are ex-
posed to deuterium plasma ions.

Our new experiments with Al mirrors indicate that ion-induced
chemical processes can modify the composition and thickness of a
near-surface layer, with direct impact on optical properties. The
analysis of these results, and comparisons with published data sug-
gest that these chemical processes are typical for cases of deute-
rium ion-impact under high-vacuum conditions.

A noticeable deterioration of Al mirror optical properties under
c-irradiation in a humid atmosphere at room temperature and at
250 �C was linked to the accumulation of hydroxide Al(OD)3 and
the compound AlOOD on the mirror surface [8]. The production
of similar compounds also took place when an Al-oxide film was

http://dx.doi.org/10.1016/j.jnucmat.2009.07.003
mailto:jwdavis@starfire.utias.utoronto.ca
http://www.sciencedirect.com/science/journal/00223115
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Fig. 1. Dependence of reflectance on thickness of layer sputtered due to ion
bombardment: (a) for Al mirrors at three wavelengths (from Ref. [2]); (b) for several
metals at k = 600 nm (from Ref. [3]).
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deposited under high-vacuum conditions with background traces
of water vapor [9,10]. The spread of data on optical (references in
[9]) and elastic (references in [10]) properties of Al2O3 films ob-
served for similar high-vacuum deposition experiments is con-
nected to some uncontrolled level of hydroxides, as stated by the
authors of the papers [9,10].

The objective of the present paper is to analyze the mechanism
responsible for the rapid degradation of optical properties of Al
mirrors. In doing so, we hope to rehabilitate aluminum as a per-
spective material for in-vessel mirrors in fusion devices.

2. Experimental

The mirror specimens, disks 22 mm in diameter and 3 mm
thick, were fabricated of aluminum alloy (duraluminium�) with
small impurity concentrations of Cu, Mg and Mn (below we will
call these samples as Al samples). Plasma ions were produced in
a double-mirror magnetic configuration operated at the electron
cyclotron resonance (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 �2 � 10�2 Pa. At a
magnetron power of �400 W, the plasma parameters were:
ne � 1016 m�3, Te 6 5 eV. The water-cooled specimen holder was
placed on the system axis, a little outside the magnetic mirror,
and was biased negatively at a fixed potential in the range 50–
1500 V, or with a variable voltage to provide a wide range ion-en-
ergy distribution.
The reflectance was measured ex situ after every exposure to ion
bombardment. A two-channel scheme [13] was used for studying
the spectral dependence of the reflectance at normal incidence,
R(k), over the range k = 220–650 nm. In this scheme the focused im-
age of the monochromator output slit falls on the mirror under the
test. The solid angle of the cone of the luminous flux that falls on
the photomultiplier after reflection from the mirror is
�1.2 � 10�2; thus, primarily the specular component of the reflected
light was measured. Mass changes of the mirror samples were also
measured after each bombardment, with an accuracy of 20 lg.

2.1. Ellipsometry

Spectral reflectance was also evaluated by spectral ellipsometry
(k = 350–750 nm) with a rotatinganalyzer (RAE scheme) using a bare
surface model. The measurements were made at a near-pseudo-
Brewster incidence angle 72�, leading to high sensitivity to surface
optical properties. The values for the optical indices (refraction and
extinction) were obtained by the multiangular method (MAI) using
a laser null-ellipsometer (LEF-3M-1, k = 632.8 nm). The data were
processed using a model consisting of a homogeneous single layer
film (f) on an Al substrate (s) using the effective medium model.

The error in the angle of incidence was�0.01� for the both ellips-
ometers; errors in the ellipsometric angles were dD 6 ± 0.04�,
dW 6 ± 0.02� for the null-ellipsometer and dD 6 ± 0.05�, dW 6 ±
0.03� for the RAE. As is customary in ellipsometry, the W parameter
is defined as the change of the ratio of amplitudes of light waves
(parallel, p-component and perpendicular, s-component) and D is
defined as the difference between phase shifts of the parallel and
perpendicular components of the light. The measured ellipsometric
parameters W and D are related to the surface dielectric functions
by means of the fundamental ellipsometric equation [14]:

tan WeiD ¼ Rp

Rs
; ð1Þ

where Rp and Rs are the complex Fresnel reflection coefficients for
the parallel (p) and perpendicular (s) components of the light,
respectively.

The major task in ellipsometry consists in finding optical
parameters for the film-substrate system from the experimental
values of W and D. In order to solve this task, an adequate model
of the surface is required (i.e., to set an explicit form of Rp and
Rs), which is then used in Eq. (1).

Several models for the analysis of the ellipsometric data were
tried. To first approximation, the surface can be considered to be
a bare surface. To refine this model one can assume a bare surface
consisting of Al metal which is microscopically rough. This means
that there is an effective medium consisting of voids (absence of
any material) and Al metal. Using the BEMA (Bruggeman Effective
Media Approximation) the effective complex refractive index
N ¼ n� ik of the effective medium can be found from [14]:

X
j

fj
N2

j � N2

N2
j þ 2N2 ¼ 0;

X
j

fj ¼ 1; ð2Þ

where fj is the volume fraction of the jth component.
The choice of a physically reasonable model is an intricate prob-

lem which requires the incorporation of additional information.
Minimization of the squared error r:

r ¼ 1
M

XM

i¼1

Wexp
i �Wcalc

i

� �2
þ Dexp

i � Dcalc
i

� �2
� � !1

2

ð3Þ

may be used to determine the model which best approximates the
experimental data. In (3) Wexp

i and Dexp
i are the experimental values

of ellipsometric parameters and Wcalc
i and Dcalc

i are the calculated



37

38

39

40

41

42

43

44

45 50 55 60 65 70 75 80

Ψ, ini tial
Ψ, 1st 1350 eV 
Ψ, 2nd  13 50 eV 
Ψ, 60 eV

Ψ
,°

Incidence angle, θ°

(a) 

(b) 

(c) 

60

80

100

120

140

160

45 50 55 60 65 70 75 80

Δ, initial
Δ, 1st 1350 eV
Δ, 2nd 1350 eV
Δ, 60 eV

Δ
,°

Incidence angle, θ °

32

33

34

35

36

37

38

39

40

0 2 4 6 8 10 12 14

Ψ
,°

Fluence, 1023 ion/m2

96

102

108

114

120

Ψ

Δ

Δ
,°

Fig. 2. Angular dependences of ellipsometric parameters W (a) and D (b) at various
ion fluences (k = 633 nm); (c) dependence of ellipsometric parameters at incidence
angle 72.5� on ion fluences (k = 633 nm).
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ones. M is the number of measurements made at different condi-
tions, i.e., incidence angle, wave length, immersion liquid etc.

The minimum value of r may serve as a measure of the quality
of the surface model when several surface models are being com-
pared. On the other hand, even a high-quality approximation (low
r) does not guarantee the correctness of the model. Thus, substan-
tiation of the model must be done very thoroughly [14].

The apparent reflectance at normal incidence, R, as calculated
from the ellipsometric parameters is a good measure of the real
normal-incidence reflectance. In general R is less sensitive to
changes in the surface properties than the apparent complex index
of refraction, which is less sensitive than the ellipsometrically
determined parameters W and D.

2.2. XPS analysis

The uppermost surface layer composition of the Al samples was
analyzed by X-ray photoelectron spectroscopy (XPS) using a XPS-
800 Kratos spectrometer. The pressure in the vacuum chamber
was �10�6 Pa; photoelectrons were excited by MgKa radiation
(hc = 1253.6 eV); the X-ray tube power was 15 kV � 20 mA. The
electron energy resolution was 1 eV, the accuracy of measuring
the binding energy �0.3 eV. For layer-by-layer etching of the sam-
ple, an argon ion beam was used with energy 1–2 keV
(j = 8 � 10�2 A/m2). For quantitative analysis of the surface layer
composition a comparison of areas under the lines Be1s, C1s,
O2s, Al2p, Ar2p of the core levels was made, taking into account
the sensitivity coefficients.

2.3. Auger and SIMS analysis

The depth distribution of near-surface layer composition was
investigated by means of Auger (AES) and secondary ion mass
spectrometry (SIMS) using the combined installation LAS 2000 (Ri-
ber). For layer-by-layer analysis when providing these measure-
ments, an argon ion sputter beam was used with energy
EAr+ = 4 keV in the AES case and EAr+ = 5 keV in the SIMS case. The
background pressure during measurements was �5 � 10�8 Pa,
the sputtering rate �11 nm/min and �1 nm/min, respectively. No
additional cleaning procedures were applied prior to AES and SIMS
measurements following specimen exposure in the DSM-2 stand.

Specially prepared specimens of smaller size (7 � 7 mm2) were
used for the Auger and SIMS analysis, which, however, were not
polished to a high mirror quality.

2.3.1. Auger analysis
The analysis spot size was�10 lm, and the identification of ele-

ments and AlO was carried out by using the etalon reference table.

2.3.2. SIMS analysis
A distinct advantage of the SIMS technique over the abovemen-

tioned methods is that SIMS analysis allows for the detection of
hydrogen in the spectrum. To avoid the edge effects in an ion beam
etching crater, special methodical precautions were undertaken:
the measurement area was 1 � 1 mm2 while the sputter-crater size
was 2 � 2 mm2. Both, positive and negative secondary ions of
atoms, molecules and molecular fragments of compounds on the
surface were registered up to 100th atomic mass. For quantitative
comparison of mass-spectra of different samples, the normaliza-
tion was provided using 27Al+ signal of one of samples.

3. Experimental results

Prior to any measurements, the specimen surfaces were first
cleaned with low-energy (60 eV) D+ ions (stage 0). This was done
to remove the organic residue remaining on the surface following
the rinsing of samples in acetone after polishing. Figs. 2a and b
show the angular dependence of the ellipsometric parameters W
and D as obtained by laser ellipsometry for the initial (cleaned)
surface, and after three ion bombardment stages. There were two
bombardment steps with 1.35 keV ions to a fluence of
1.5 � 1023 ions/m2 (stage 1) and 2.5 � 1023 ions/m2 (stage 2)
respectively. As a result of the ion bombardment, a decrease in
the values of W and D occurred, dependent on the angle of inci-
dence, with the greatest decreases occurring at large angles.
Fig. 2c shows the dependence of these parameters as a function
of ion fluence for the most sensitive angle, h = 72.5�. As indicated
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Table 1
Optical constants (nf, kf), thickness (df) and reflectivity (R) of the film (f) on Al
substrate (s) after laser ellipsometry (k = 632.8 nm). r is the approximation quality
(3).

Stage Conditions of measurements nf kf df (nm) R r

0 Initial 1.6 0 3 84.3 0.031
1 After 1st 1350 eV 1.57 0.25 11 81.9 0.039
2 After 2nd 1350 eV 1.49 0.2 19 79.7 0.029
3 After 60 eV 1.15 0.35 3 84.2 0.14
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in the figure, at this angle W decreases monotonically, while D re-
turns to its initial value following a long exposure to the low-en-
ergy ions (stage 3).

Table 1 presents the optical constants calculated using the MAI
method based on the experimental results from Figs. 2a and b. A
model of the homogeneous film (f) on an Al substrate (s) is as-
sumed. These values are necessarily approximations since the opti-
cal constants for the Al substrates were unknown; values of ns = 1.2
and ks = 5.12 were used. The approximated values were obtained
by modeling the initial state of the Al specimen as a homogeneous
film of Al2O3 (df P 3 nm [7]) with unknown optical constants on a
metal substrate. The refractive index nf decreases, while the extinc-
tion coefficient (kf) increases with sequential ion irradiations.
However, the film thickness df and the reflection coefficient R re-
turn to the initial value following stage 3, corresponding to the
low-energy ion bombardment, although the extinction coefficient
(kf) continues to stay at a non-zero level.

It should be emphasized that for stages 0–2 the fitting error r
(Table 1 last column) is similar to the experimental accuracy, but
it increases by a factor of 5 following stage 3. This implies that
the single layer homogeneous film model is no longer adequate
and that a more complex interpretation of the surface processes
is required.

Fig. 3 shows the spectral reflectance of the Al mirror at each of
the four stages of the experiment. Solid symbols represent the
ellipsometry data (RAE), while open symbols indicate results for
the direct measurements of reflectance at normal incidence. It is
evident that bombardment with 1.35 keV ions results in a decrease
of reflectance which is more pronounced at shorter wavelengths.
Subsequent exposure of the surface to low-energy ions results in
almost full restoration of R(k). While the ellipsometry and direct
reflectance measurements are qualitatively similar, there are
noticeable quantitative differences following the 1.35 keV ion
exposure.
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The ‘drop-restoration’ cycle was repeated several times on one
specimen; the reflectance measured at two wavelengths is shown
as a function of total fluence in Fig. 4. For the ‘drop’ phases marked
1, 2 and 4 on the figure, the decrease in reflectance was due to ions
with fixed energy (Ei = 1.35 keV). In the case marked as 3, the de-
crease was due to bombardment with the ion energy distributed
in the range 0.1 < Ei < 1.5 keV. This latter case is almost an exact re-
peat of our previous experiments [2,3], where the ion energy was
distributed in the range 0.1 < Ei < 1.0 keV, the major difference
being a several-times smaller ion fluence in the present case. Thus
we believe that the ion-induced degradation of Al mirror optical
properties observed previously [2,3] would have been reversible
as in the current experiments, and was not connected with the
development of surface roughness.

It is observed from Fig. 4, that an increasing number of ‘drop-
restoration’ cycles has no significant impact on the restored reflec-
tance in the visible spectral region, but there is a gradual decline in
the ultraviolet. This observation will be discussed later.

The behavior of the Al mirrors is very similar to that observed
for Be mirrors [5,6], and further comparison with the behavior of
Be mirrors, shown in Fig. 5, is warranted. For mirrors of both mate-
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rials, short exposures (�1023 ions/m2) to keV-range D+ ions results
in a significant decrease in the reflectance, while much longer
exposure to low-energy ions contributed to a restoration of the
reflectance. Vacuum annealing was not found to be effective at
restoring the reflectance of Be mirrors (Fig. 5), and thus was not
part of the present Al-mirror program.

Sputter–XPS analysis was performed on both Al and Be mirrors
following both high-energy and low-energy ion bombardment. For
the Be mirror, analysis points are indicated on Fig. 5 by X1, X2 and
X3. The ratio between BeO and Be was estimated as a function of
sputtering time, Fig. 6a. Comparing the results at X1 (�) and X2
(d), it is clear that exposure to keV ions has resulted in an oxide
layer several-times thicker than the original. Long-term exposure
to low-energy ions (X3, j) has the opposite effect of restoring
the oxide layer to its original thickness. Similar measurements
were made on two specially-prepared Al specimens (which were
not polished to a mirror finish), with similar qualitative results,
Fig. 6b; the oxide-containing layer is thicker after exposure to
keV ions and decreases following the much longer exposure to
low-energy ions.

Results from sputter Auger analysis are presented in Fig. 7, and
show a qualitative agreement with the XPS results. For the initial
surface, the dependence of Al, O and AlO as a function of sputtering
time indicate that there is no clear border between the surface
layer and the substrate. This may be due in part to the polishing
B
eO

, B
e 

%

Time of sputtering by Ar+ ions, min

A
l, 

A
l 2O

3, %

Ar ions fuence, rel. un. 

0

20

40

60

80

100

0 5 10 15 20 25 30 35

 Be   

 BeO  

 1 .3 5 k e V 
 6 0 e V  

Be

 BeO  

X 2X 3

X 1  

0

20

40

60

80

100

0 20 40 60 80 100 120 140

1 3 50eV6 0 e V

A l

Al
2
O

3

(a)

(b)
Fig. 6. (a) XPS data for Be mirror sample exposed to deuterium plasma ions: � – Ar
ion cleaning (X1 in Fig. 5), Ei = 300 eV; d – decrease of reflectance due to D+ ion
bombardment, Ei = 1350 eV (X2 in Fig. 5); j – restoration of reflectance due to
exposure to D+ ions, Ei = 60 eV after the second drop of reflectance (X3 in Fig. 5).
(b) XPS data for Al mirror samples exposed to deuterium plasma ions with low and
high ion energy.
procedure, given the softness of the Al alloy. After exposure to
1.35 keV ions, the border between the surface layer and the sub-
strate becomes sharper. If we use the position of the half-ampli-
tude of the Al signal as an indication of the film thickness, the
surface layer has become noticeably thicker following the keV-
bombardment. More importantly, however, is the clear evidence
that the surface layer has become much thinner following long
exposure to low-energy ions (the surface layer/substrate boundary
in Fig. 7 is now seen at the depth �3 nm).

In our analysis of the SIMS mass-spectra, we divided the ob-
served species into two general groups. In the first group we in-
clude the positive (and negative) ions of Al, O, and fragments of
aluminum oxide, in particular, AlO (the mass 102 corresponding
to aluminum oxide, Al2O3, was out of the limit of mass measure-
ments). In Fig. 8a are shown the depth profiles of secondary ions
O+ for the three exposure conditions. As seen, in the immediate
proximity to the surface, the ion currents are much higher and
the peak width is significantly narrower for the long-time cleaned
sample in comparison with the initial sample and the one exposed
to 1.35 keV ions. This suggests that the near-surface layer of the
long-time cleaned sample consists mainly of aluminum oxide.
The shape of the depth profile curves for 16O+, 16O�, 43AlO�,
43AlO+ and 27Al+ ions correlates quite well with data of Auger spec-
troscopy shown in Fig. 7. The thickness of the oxidized layer esti-
mated from these curves depends on the experimental
procedure: it is 8–10 nm for a sample that was cleaned only,
�15 nm after the sample was exposed to impact of 1.35 keV ions
(drop of reflectance), and not more than 5 nm after following long
term exposure to low-energy ions, 60 eV, (restoration of reflec-
tance). It is worthy of note that there is a quite good agreement
of these data for the ‘dropped sample’ and ‘restored sample’ with
those obtained with ellipsometry (Tables 1 and 2).

The second group consists of molecules and fragments that con-
tain deuterium. Unfortunately, of the possible compounds of Al
and D discussed in [8] we did not have the ability to identify clearly
either Al(OD)3 or its fragment Al(OD)2 whose masses coincide with
that of the Al3

+ cluster and with the 63Cu isotope, respectively.
However, the signal at mass 45 is identified as the AlOD+ fragment.
The graphs of Figs. 8b and c show that higher compositions of the
D� and hydroxide fragment ions are found in the sample bom-
barded with keV-energy ions, and much lower concentrations
found in the sample which has been exposed to all three proce-
dures: short cleaning, bombardment with 1.35 keV ions, and long
term exposure to low-energy ions.

The surface analysis results allow us to gain an understanding
of the processes involved during the ion bombardment of Al and
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Table 2
Parameters of surface film at the end of the cycle 2 (Fig. 4) within BEMA model.

nf kf df (nm) R (%) fAl fAl2O3
fvoids r

1.88 3.9 4 81 0.65 0.22 0.13 0.10
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Be mirrors. A short bombardment by keV-range D+ ions, under the
experimental conditions of the DSM-2 facility, which includes
small amounts of water vapor in the residual gas, results in an in-
crease in thickness of the oxidized surface layer. In particular, the
formation of Al or Be hydroxides is postulated since, in the case
of Be, BeO films do not have a large impact on reflectance (the
extinction coefficient of BeO is close to zero [15]). A subsequent
exposure to low-energy ions leads to a gradual reduction of the
oxide layer thickness, and specifically to a breakdown of the
hydroxides.

4. Application of ellipsometry data for substantiation of
mathematic models for analysis of the composition and
structure of the surface

Ellipsometry is a very sensitive method for the study of oxidiz-
ing processes on metallic surfaces; however, an accurate model of
the surface structure is required in order to obtain a correct inter-
pretation of an experiment. The results presented above give us
good reasons for selecting specific models, and below we describe
models with increasing complexity used to model the current
system.
1. We begin with a bare surface model with an unknown index of
refraction, N0. This simple model results were not in good
agreement with the experimental data for our case.

2. To refine the model, we can assume a bare surface, but micro-
scopically rough. This leads to what is known as the effective
medium model, with a surface layer consisting of voids
(absence of material) and aluminum metal. Using the Brugg-
eman effective medium approximation (BEMA model (2)) the
effective complex refractive index N0 of the effective medium
can be found from (e.g., [14]):

fAl
N2

Al � N2
0

N2
Al þ 2N2

0

þ fv
1� N2

0

1þ 2N2
0

¼ 0; f Al þ fv ¼ 1; ð4Þ

where fAl is the volume fraction of Al metal in the voids-Al mix-
ture, fv is the fraction of voids and NAl is the refractive index of
Al, which was obtained either from the literature [1] or from
apparent values of N0 for the initial specimen (the best reflecting
one). An isotropic mixture of Al and voids was assumed. This
model also was not good enough.
3. The above model was extended to include a mixture of voids, Al,
and Al2O3 [Al(OH)3, AlOOH]. The BEMA can then be used to
compute the effective index N0 from the constituents:

fAl
N2

Al � N2
0

N2
Al þ 2N2

0

þ fAl2O3

N2
Al2O3

� N2
0

N2
Al2O3

þ 2N2
0

þ fv
1� N2

0

1þ 2N2
0

¼ 0: ð5Þ

Here fAl, fAl2O3 , fv are the volume fractions of Al, Al2O3 and voids,
respectively; fAl þ fAl2O3 þ fv ¼ 1.



Film (f):  

1f % substrate + 2f % Al2O3 (Al(OH)3, AlOOH) + 3f %voids (air) 

Substrate (s):  
Al 

Fig. 9. The structure of the surface of the Al mirror sample in the BEMA model at
the stage 3 (Table 1).
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The measured experimentally ellipsometry parameters contain
information on reflected light: W – about intensity and is not influ-
enced by the appearance of thin transparent deposits, and D –
about the phase (Eq. (1)). The increase in thickness of a dielectric
film results primarily in the phase change, while the appearance
of a thin metallic film results in a change of intensity. Therefore,
one can expect that the increase in thickness of a complex film
containing a metal component would result in changes to both
ellipsometry parameters, as observed in our experimental data
(Fig. 2). Thus, the present experimental data along with some pub-
lished results served as the basis for modeling of inhomogeneous
layers Al–O in the BEMA model, which is schematically shown in
Fig. 9.

The specimen was modeled as an infinite rough layer on an Al
substrate, with the roughness consisting of mixture of oxide
(Al2O3, Al(OH)3, AlOOH), substrate material (Al) and voids filled
with air. Table 2 contains the model parameters which provide
the best fit to the experiment. It should be emphasized that
ns < nf > nair but following the chemical reactions associated with
the low-energy ion bombardment nf ! ns, i.e., decreases. This re-
sults in an increase of the reflectivity as observed. We can see that
the alignment of volume fractions of Al ðfAlÞ, Al2O3 ðfAl2O3 Þ and voids
ðfvoidsÞ and the film thickness after reflectance restoration
(df = 4 nm in Table 2) correlates quite well with the data of sputter
Auger analysis and SIMS (�3 nm in Figs. 7 and 8). That means that
increasing of ‘drop-restoration’ cycle number leads to the increase
of roughness (appearance of voids) and thickness of a complex film
on the mirror surface (Table 2). We can see (Table 1) that the thick-
ness of the film grows already at the end of the second stage. The
fact that the fitting quality r (Eq. (3)) (Table 2, last column) is
much larger means that we have to use more complex real model
of the surface already at the end of the second ‘drop-restoration’
cycle (probably double-layer model). It also means that the reflec-
tivity R should decrease along with increase of ‘drop-rise’ cycle
number and just this is obtained experimentally (Fig. 4). But we
have no reason for principal alteration in the model within the
framework of the present investigation.

5. Discussion

The fact that the first ‘drop-restoration’ cycle resulted in almost
full restoration of Al mirror reflectance (Fig. 4) indicates that irre-
versible changes to the mirror surface were not responsible for the
decrease in reflectance. With subsequent ‘drop-restoration’ cycles,
however, a gradual decrease in the restored reflectance is ob-
served. The ellipsometry parameter D defines the phase shift be-
tween p- and s-components of light reflected from a mirror
specimen, and its recovery following low-energy ion bombard-
ment (Fig. 2) is a clear indication that the ‘drop-restoration’ proce-
dure is not related to changes in material stoichiometry or the
development of surface defects. We are thus led to the conclusion
that the drop in reflectance due to keV ions is due to some chem-
ical process on the mirror surface. As in Refs. [5,6] this chemical
process is thought to involve the oxide film which exists on all Al
surfaces, with an initial thickness of a few nm [7]. To help in our
understanding, we briefly compare the current experimental con-
ditions with other experiments where modification of the chemical
composition of an Al-oxide layer was observed.

During the discharge on, with deuterium as the working gas,
using a mass spectrometer we observe primary mass peaks
(masses 1–4) associated with H and D, but also smaller peaks at
mass 17–20. Assuming that these small peaks at least partly corre-
spond to either water or OH radicals, an obvious source of oxygen
is available in the system. Thus the possibility exists for the full or
partial transformation of Al2O3 into hydroxide Al(OD)3 or into
intermediate compounds such as AlOOD, as was observed in Refs.
[8–10].

Besides the transformation of Al2O3 into hydroxide, an increase
in thickness of the oxygen-containing surface layer is possible
when oxygen-containing ions are incident on a surface together
with deuterium ions. A similar process was observed in Refs.
[16,17] during the exposure of beryllium to deuterium ions or
atoms. Based on SIMS analysis, the authors of [17] concluded that
the increase in the thickness of the oxygen-containing surface layer
was largely due to the formation of beryllium hydroxide, Be(OD)2.
Given the diagonal analogy between Be and Al [7], similar pro-
cesses might be expected for Al, i.e., appearance and growth of
an oxygen-containing film partly composed of hydroxide Al(OD)3

and compound AlOOD.
Consistent with this process is the observed decrease in the

refraction coefficient nf with increasing ion fluence (Table 1). This
follows from a comparison of the densities for Al2O3 (3.97 g/cm3),
AlOOH (3.01 g/cm3) and Al(OH)3 (2.42 g/cm3) [9], and the general
trend of a decrease in nf at lower densities.

The recovery of reflectance following the subsequent long-term
bombardment with low-energy (�50 eV) deuterium ions is some-
how connected with the removal of the oxide–hydroxide layer. In
both the current experiments, and previous ones with Be [5,6], a
low-energy ion fluence of �10–20 times that of the keV ion fluence
was required to complete the restoration. The fact that the com-
plete restoration of reflectance does not occur after several ‘drop-
restoration’ cycles (Fig. 4) is attributed to the gradual development
of small-scale surface relief (roughness) as a result of keV ion sput-
tering, with a corresponding decrease of the specular component of
the reflected light. This is consistent with the findings for Be mir-
rors [5], and is directly observed for the present specimens by
scanning electron microscopy, Fig. 10.

We propose the following mechanism to explain the different
processes on Be and Al mirror samples exposed to keV and low-en-
ergy ions of deuterium plasma in conditions of the experimental
stand DSM-2. For keV-energy ions the partial transformation of
oxide into hydroxides takes place and in addition, the thickness
of oxidized layer increases with ion fluence. When afterwards the
samples is exposed to low-energy ions (�50 eV) the chemical sput-
tering of the film containing the mixture of oxides and hydroxides
(Al2O3, Al(OD)3 and AlOOD in the case of Al mirror) prevails over
oxide-hydroxide transformation, thus leading to decrease of the
thickness of oxidized layer and to gradual restoration of optical
properties.

When discussing the relation of these results to first mirrors in
ITER, it should be noted that the described process results in the
oxygen enrichment of the film as compared to aluminum oxide
(O/Al = 3:1 for Al(OD)3 and O/Al = 2:1 for Al(OOD), whereas O/
Al = 1.5:1 for Al2O3), therefore it is possible only when oxygen-con-
taining molecules (or their radicals) are present in the plasma close
to the mirror surface. In the absence of oxygen, bombardment of
mirror surface with atoms and ions of hydrogen isotopes will lead
to transformation of oxide into hydroxide without noticeable rise
of the film thickness, i.e., without strong effect on the reflectance,
as the natural oxide layer thickness is small. Thus the behavior in
ITER of Al mirrors or mirrors with Al2O3 coating (as suggested in



Fig. 10. SEM photos of the surface of Al mirror sample initial (a) and after (b) the
last exposure to ions of deuterium plasma (Fig. 4).
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[18]) would depend on the working conditions: energy and fluxes
to mirror surface of ions and atoms of hydrogen isotopes, fluxes of
oxygen-containing molecules, mirror temperature, etc. This state-
ment would also be valid for mirrors that have other dielectric
coatings of a high reactive ability to form hydrides.

6. Conclusion

We have studied the effects of the ion-induced modification of
aluminum alloy mirrors, under bombardment by deuterium plas-
ma ions. The following general conclusions may be made:

1. A decrease in reflectance is observed in the k = 220–750 nm
range when Al mirrors are exposed to keV-energy range ions
from a deuterium plasma, but a restoration of the reflectance
takes place when the mirror is subsequently exposed to low-
energy ions (�50 eV), again from a deuterium plasma. Thus, it
was shown that the diagonal analogy between Be and Al
becomes apparent not only for their chemical properties but
for optical characteristics also.
2. As indicated by various surface analyses techniques, the revers-
ible changes in reflectance are due to an ion-induced transfor-
mation of the surface oxide layer. The higher energy
bombardment in the presence of oxygen leads to the creation
of a thicker surface layer with a large hydroxide content, while
the lower energy bombardment leads to the gradual reduction
of the thickness of the modified surface layer.

3. The microscopic surface roughness (detected by ellipsometry)
can be best described by a model which assumes a combination
of Al plus Al2O3 (Al(OD)3 and AlOOD) plus voids in fractions
determined by the Bruggeman effective medium approxima-
tion. After long-term ion bombardment of the Al alloy mirror,
the effective medium calculations indicate that effects due to
oxides are minimal (the fraction of oxide was estimated to be
about 0.22).

4. The surface-modification processes described above can limit
the use of Al mirrors to those locations in ITER where they will
not be exposed to energetic hydrogen isotopes and oxygen-con-
taining molecules or ions.

5. Optical ellipsometry is a very effective method for studying
microscopic changes on mirror surfaces taking place under
bombardment with ions of different energy at the early stage
of the surface structure development. However, it is clear that
more complicated ellipsometric models must be used in the
analysis of Al mirrors exposed to ITER-like conditions, typical
of high vacuum devices (i.e., with some amount of water vapor).
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