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Abstract

Experiments have been performed to evaluate the changes in surface structure and the resulting effects on the optical
properties of stainless steel due to hydrogen ion irradiation. Stainless steel (SS) is a standard material used for in-vessel
components, including the first mirrors (FMs), in some current generation fusion devices. Optical microscopy, interfer-
ometry, scanning electron microscopy (SEM) and ellipsometry were used to characterize the surfaces. Results are pre-
sented for the bombardment of SS mirrors with Hþ

3 ions having various fixed energies (0.3, 0.65, and 1.5 keV/H+), with
ion flux densities of (0.5–2) · 1020 H+/m2s and fluences of �2.2 · 1024 H+/m2. Variation of the ion energy at a constant
fluence had a considerable effect on the damage structure that forms on the SS mirror surfaces. Possible mechanisms for
the ion energy effect on the surface are discussed and a model of the damaged surface layer is proposed.
� 2005 Elsevier B.V. All rights reserved.

PACS: 78.68.+m; 78.70.�g
1. Introduction

Optical methods are widely used for plasma diagnos-
tics in fusion devices, providing data on plasma param-
eters derived from the electromagnetic radiation emitted
from the plasma. Directional control and spatial resolu-
tion of such diagnostics would be greatly limited without
the use of first mirrors (FMs) placed close to the plasma.
However, in high temperature plasmas such in-vessel
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mirrors will be subjected to irradiation by X-rays, gam-
ma rays, neutrons, and charge exchange atoms with a
wide energy range. The irradiation will affect the proper-
ties of FMs via sputtering, accumulation of gases, crea-
tion of defects, etc. Therefore, the criteria for the
selection of materials for FMs should be made not only
on the basis of their optical properties, but also on the
material�s resistance to degradation through plasma
exposure.

Our interest in stainless steel (SS) mirrors stems from
their use in some current fusion devices (e.g., Tore Supra
[1,2], Large Helical Device [3], T-10 [4]) and potential
use in next-generation large fusion devices. In addition,
this material is one of the most suitable for providing
ed.
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experimental data for modeling the behavior of mirrors
in a fusion reactor. For the laboratory ion beam exper-
iments performed in our study, the H+ ion energies
(300–1500 eV/H+), fluxes (�1020 H+/m2s) and fluences
(1–4 · 1024 H+/m2) have been chosen to roughly corre-
spond to the bombardment conditions experienced by
mirrors located near the first wall of a tokamak fusion
reactor.

In a previous paper [5] the authors reported on the
effect of H+ irradiation on the reflectance of stainless
steel mirrors using ellipsometry. They found a significant
decrease in the reflectance with increasing H+ fluence,
and the decrease was more pronounced for higher ion
energies. This optical degradation was attributed to the
development of surface structure change during irradia-
tion. Subsequent studies (Balden et al. [6] and the pres-
ent work) have been undertaken to further investigate
the evolution of the surface structure on subsets of the
specimens. Balden et al. [6] have observed a strong
micro-relief and a strong variation of the erosion depth
for different grains using scanning electron microscopy
(SEM). They also studied the correlation between sur-
face morphology and the orientation of single grains
using electron back-scattering diffraction. Grains with
nearly (111) surface orientation do not show significant
in-grain micro-relief, although they have nearly the
highest erosion yield. Small variations of the angle be-
tween the ion impact direction and low index surfaces
lead to strong changes in the erosion yield and to the
creation of different in-grain features; no correlation
was seen between erosion yield and roughness.

The objective of the present study was to further
investigate the evolution of surface structure – erosion
depth and step heights at grain boundaries – due to
H+ irradiation, using interferometry. Further ellipsome-
try measurements were also performed to assist in the
development of a physical model of the SS mirror sur-
face layer modified by heat treatment and ion impact.
2. Experiment

All mirror specimens were polycrystalline SS
(04Cr16Ni11Mo3Ti – similar to SS316). Prior to Hþ

3

irradiation, all specimens were mechanically polished
using diamond powder with gradually decreasing parti-
cle size, starting with �3 lm, then �1 lm, followed by
300–500 nm, and finally 10 nm. For each particle size,
a layer not less than the previous powder size was re-
moved. For these specimens no electro-polishing was
done, because in one particular case where it was done,
an inferior mirror quality was obtained. The specimens
were 7 · 7 mm2 in size, and on each specimen only one
spot (�5 mm diameter) was exposed to the ion beam.

Hydrogen ion irradiation was performed at the Uni-
versity of Toronto using mass-analyzed Hþ

3 ions at
normal incidence having various fixed energies with
ion flux densities of (0.5–2) · 1020 H+/m2s and fluences
of �2.2 · 1024 H+/m2. (In this paper the impacting H
particles in the Hþ

3 ions are designated as H+ even
though the Hþ

3 is only singly charged.) Each specimen
was exposed to a different energy: 0.3 keV/H+ for spec-
imen #1; 0.65 keV/H+ for #2; and 1.5 keV/H+ for #3.
Following Hþ

3 irradiation, the specimens were thermally
desorbed in vacuum, with a temperature ramping rate
2.5 K/s, to 1070 K, held for 4 min, and then cooled
down with a cooling rate of 1 K/s. The purpose of the
thermal desorption stage was to determine whether the
release of hydrogen after bombardment would alter
the optical properties of the mirrors. Comparison of
reflectance measured by ellipsometry for the heated
and unheated specimens indicated no effects due to
post-irradiation heating [5]. Following the heating stage,
all specimens were cleaned using an electron cyclotron
(frequency f = 2.375 GHz) plasma discharge in D2 in a
simple double magnetic mirror device [7] for 15 min
(Ei = 50–65 eV, Ii = 16 A/m2). This soft cleaning is rou-
tinely used in our simulation experiments for organic
contamination removal.

Several surface analysis techniques were used to
study the hydrogen ion bombarded SS mirror surfaces.
Micrographs were taken of the surfaces of all specimens
using an optical microscope and interferometer (re-
flected regime) with magnifications of 100· and 400·,
respectively. Scanning electron microscopy (SEM) was
also used to study the surface topography.

A twin-wave interferometer was used to investigate
the surface structure after ion bombardment. The inter-
ferogram, a set of light and dark stripes, is a result of the
interaction of two coherent light beams reflected from
the specimen and from a standard mirror. If the surface
is ideally flat, these stripes on the interferogram will be
parallel; otherwise, the stripes will distort and shift over
irregularities (e.g., convexities, concavities, steps) of the
surface under study. By measuring the shift DA, the
depth (or height) h of such irregularities can be obtained
from:

h ¼ k
2

DA
A

; ð1Þ

where A is the distance between undistorted stripes and
k is the wavelength of light.

The optical characteristics of the specimen surfaces
were also investigated by ellipsometry at a fixed wave-
length (632.8 nm) and modeled as a homogeneous thin
layer on a SS substrate using the technique applied in
[5,8]. Ellipsometry measures the ratio q = rP/rS of paral-
lel (P) to perpendicular (S) reflectance coefficients of a
specimen. The measured complex ratio qexp is usually
expressed in terms of measured ellipsometric parame-
ters, i.e., the angles W and D, where tanW corresponds
to the relative attenuation and D to the phase shift
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between the P and S components of the reflectance coef-
ficients [8]. The thickness of this layer and its optical
indices were obtained from the ellipsometric data. Then,
using the optical indices for the modified layer and indi-
ces measured for a virgin SS surface, the reflectance R at
normal incidence was estimated according to [9]. The
ellipsometric measurements were taken at different an-
gles of incidence from 50� to 70� at room temperature
with the null – LEF-3M-1 laser ellipsometer, described
in detail elsewhere [10]. Four-zone averaging was used
to reduce errors to about 6 ±0.04� for W and
6 ±0.06� for D in measuring ellipsometric characteris-
tics. These results were used to determine optical con-
stants of the specimen and to model its surface layer.

Optical microscopy, interferometry, SEM, and ellips-
ometry are based on different physical mechanisms and
complement each other in surface analysis.
3. Optical microscopy and interferometry data

The changes to the surface micro-relief after ion im-
pact were analyzed by optical microscopy and interfer-
ometry as function of the ion beam energy. Fig. 1(a),
(c) and (d) present optical microscopy viewgraphs of
Fig. 1. Optical microscopy photographs of the surfaces of the SS mi
(a) point to grain boundaries and the black arrows in (c) and (d) p
for specimen #1 are shown in (b) where the double arrows indicate t
specimens #1, #2, and #3, respectively, following H+

ion bombardment. The main effect of H+ ion bombard-
ment is connected with the sputtering erosion of the mir-
ror material. The first indication that something different
occurs in SS during H+ bombardment was the appear-
ance of the surface topography for specimen #1
(0.3 keV/H+) in Fig. 1(a); optical contrast is indicated
by arrows in the bombardment region. However, there
is no visible boundary between the bombarded and vir-
gin regions in this case. The interferogram of specimen
#1, shown in Fig. 1(b), consists of parallel stripes which
show very little distortion (indicated by white arrows)
across the grain boundaries. The maximum difference
between the levels of different grain surfaces is
�0.03 lm. This implies that the level (height or depth)
of the bombarded region has to differ from the virgin
surface by not less than � 0.03 lm. The double arrows
in this figure indicate the zero-order interference stripe.

For specimens #2 (Fig. 1(c)) and #3 (Fig. 1(d)) the
beam spot (region II) is clearly distinguished from the
unexposed regions on the specimen (region I), and a
sharp boundary is observed between the regions; see bold
black arrows in Fig. 1(c) and (d). Note that the contrast
increases with increasing energy. For specimens #2
(0.65 keV/H+) and #3 (1.5 keV/H+) mosaic relief has
rror specimens: (a) #1; (c) #2; and (d) #3. The black arrows in
oint to the beam spot edge. Interferometry microphotographs
he zero-order interference stripes.
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developed inside the beam spot. It is evident from these
photographs that the beam spot becomes identifiable
due to some fundamental change in the near-surface
morphology or surface topography under hydrogen ion
irradiation. There is also a region of noticeable contrast
surrounding the beam spot, (zone III in Fig. 1(d)), which
appears only on specimen #3 (1.5 keV/H+). This may be
related to the deposition of sputtered material behind the
edge of the mask covering part of the specimen during
irradiation. The most striking observations in Fig. 1(c)
and (d) are the color differences of regions I and II,
and the development of region III. It appears that the
surface topography has developed evenly over surface
features and grain boundaries after irradiation. The main
effect of increasing the H+ ion energy is the appearance of
a larger and somewhat better defined grain structure on
the beam spot. The mosaic relief in the bombarded area
is very similar to that which grows due to selective etch-
ing of crystal grain boundaries and reflects the morphol-
ogy of the SS polycrystalline structure [11].

Fig. 2 shows optical microscopy photographs of
specimens #2 (Fig 2(a)) and #3 (Fig. 2(c)). The bound-
ary between the virgin surface and the beam spot (bold
black arrows) can be clearly seen in the figures. Fig. 2(b)
Fig. 2. Optical microscopy photographs of specimens #2 and #3 in (a
and the beam spot (black arrows) can be clearly seen. The interferome
coincide with the regions shown in (a) and (c), respectively. The doubl
stripe.
and (d) show interferometry pictures of the same regions
for both specimens, respectively. A smooth knee is
observed in the interference stripes over the edge of
the beam spot, indicated by bold black arrows in
Fig. 2(b) and (d). This knee is a result of the bombarded
surface being lower relative to the virgin surface and is
caused by the mass loss due to sputtering. The depen-
dence of the beam spot depth near its edge derived from
the interferograms versus ion energy is shown in Fig. 3.
The data are seen to correlate well with the energy
dependence of the sputtering yield, Y [12].

At points within the beam spot, the interference
stripes also make sharp deviations; see white arrows in
Fig. 2(b) and (d). This observation indicates that steep
steps have formed at grain boundaries. It is possible to
measure stripe shifts, using a white light source. Stripe
shifts were determined using the zero-order stripes indi-
cated with double black arrows in Fig. 2(b) and (d). The
step heights and erosion depths were determined by Eq.
(1) and were found to increase with H+ energy; see Table
1. The height on the grain boundaries varies from
�0.03 lm (0.3 keV/H+) up to � 0.23 lm (1.5 keV/H+).

In brief, SS bombardment by hydrogen ions results in
the formation of an eroded region with well-defined
) and (c), respectively; the boundary between the virgin surface
try microphotographs in (b) specimen #2, and (d) specimen #3,
e black arrows in (b) and (d) indicate the zero-order interference
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Fig. 3. H+ ion energy dependence of the beam spot depth near
its edge derived from the interferograms (from Table 1). For
comparison, the H+ energy dependence of the sputtering yield,
Y, is also plotted [12].

Table 1
Beam spot depths and step heights at grain boundaries of
specimens #1, #2, and #3

Specimen (H+ energy)

#1
(0.3 keV)

#2
(0.65 keV)

#3
(1.5 keV)

Spot depth (lm) 0.03 ± 0.03 0.3 ± 0.1 0.45 ± 0.15
Step height at grain
boundaries (lm)

0.03 ± 0.03 0.12 ± 0.03 0.23 ± 0.13
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mosaic relief, which can be distinguished using a micro-
scope by color and contrast. The step structure observed
is typical for polycrystalline materials under ion irradia-
tion [7,11]. Its appearance is explained by differences in
sputtering yields for grains with different orientations.
The step height increases with increasing ion energy.
The development of surface topography during sputter-
ing also consists of some in-grain surface roughening, as
evidenced by the fuzziness of some interference stripes in
Fig. 2(b) and (d).

The optical microscopy and interferometry study of
the SS surface is used for the development of a physical
model of the damaged layer formed as a result of hydro-
gen ion irradiation. The beam spot consists of crystals
(grains) with different orientation and grain boundaries.
Parameters of the model (namely, optical constants and
thickness of the damaged layer) can be determined from
ellipsometric experimental results, as discussed below.
4. Ellipsometric data and physical model of damaged

surface layer

Ellipsometry is one of several nondestructive tech-
niques used to study damaged surface layers created
after low energy ion bombardment. Since ellipsometry
uses light that penetrates the SS surface to tens of nano-
meters, it is sensitive to surface variations caused by
hydrogen ions, which penetrate �10 nm into SS at
�1 keV/H+ [13].

The technique has been discussed elsewhere [10,14].
Here we use the ellipsometric data obtained in this study
for the assessment of plausible physical models of the
damaged surface layer formed during H+ irradiation.
Several models for the analysis of the ellipsometric data
were treated. As a first step, the data were analyzed
assuming only the bulk substrate (specimen – air), giving
the so-called apparent optical constants. This model is
adequate for the unirradiated virgin region of the
specimen.

However, for the irradiated beam spot, one would
expect that the optical constants would be affected by
the erosion roughness of the specimen. Although, for
the specimens studied here, the lateral dimensions and
relative heights of the grains were 30–50 lm (Fig. 2)
and � 0.2 lm (Table 1), respectively, according to [15],
it is not necessary to take this roughness into account.
Thus, a model of one homogeneous isotropic layer on
a homogeneous isotropic substrate was assumed. This
single homogeneous damaged layer model is sufficient
in the absorptive spectral region for our photon energy,
when the contribution of the substrate cannot be ne-
glected. We tried to confirm this in the following way.

From the measured optical constants the penetration
depth D of the light can be computed readily (as a first
step). This is the inverse of the absorption coefficient KS,
which is proportional to the imaginary part of the com-
plex refractive index:

N s ¼ ns þ iks; Ks ¼ 4pmks; D ¼ 1=Ks; ð2Þ

where m is the wave number (m = 8066E when m is in
cm�1 and the photon energy E is in eV). The field ampli-
tude is attenuated by a factor of exp(�KSx/2) when
passing a layer of thickness x. This means that a film
thickness larger than � 2D makes the substrate practi-
cally invisible in the reflected light, since the correspond-
ing attenuation factor exp(�4) of the forward and
backward passes of light is less than 0.02. The penetra-
tion depth of the incident light computed from the
measured ellipsometric data according to Eq. (1) is
� 15 nm. So, the damaged layer (� 10 nm [13]) caused
by H+ irradiation is half-transparent. Thus, it is obvious
that while modeling this layer one cannot neglect the
influence of the substrate on reflectance, i.e., the polari-
zation properties of the probing light contain informa-
tion not only on the light interacting with the
damaged layer but with the substrate as well.

Ellipsometric angles W and D for the substrates
(virgin surface) and for the beam spots of the three spec-
imens (#1, #2, #3) were measured. The optical constants
of the specimen substrates were determined from the
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data obtained at several locations on the specimens
(unexposed to H+ ions) and then averaged prior to the
analysis of the beam spot. It is assumed that the main
strain layer originating from mechanical polishing (with
nS = 2.32; kS = 3.65 [5]) was modified by the post-irradi-
ation heating to 1070 K in vacuum, i.e., the heating pro-
cedure has led to a reduction in the measured optical
parameters nS and kS. For the analysis that follows, it
is assumed throughout that this is a reasonable first
approximation for the heat-modified SS substrate. Pro-
cessing of the ellipsometric data for this heat-modified
virgin surface gave the following optical indices:
nS = 1.81; kS = 3.51; see Table 2. The normal reflection
coefficient R calculated using these data according to
[9], is 64% and corresponds to results of previous exper-
iments with SS mirrors [5].

Fig. 4 shows the dependence of the ellipsometric an-
gle difference dD between the virgin surface (DS) and the
beam spot (DB) upon the incidence angle h for specimens
#1, #2 and #3. Significant changes in the optical prop-
erties of SS mirrors under bombardment were revealed.
Table 2
Physical parameters of the SS damaged layer for specimens #1,
#2, #3

Specimen E (keV/H+) SS damaged layer
parameters

R (%)

nL kL dL (nm)

#1 0.3 1.35 2.79 4.0 64
#2 0.65 1.62 2.97 9.0 63
#3 1.5 1.75 3.01 12.6 62

Substrate optical parameters: nS = 1.81, kS = 3.51, RS = 64%.
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Fig. 4. Dependence of dD on the incidence angle h for
specimens #1 (j), #2 (N) and #3 (d), where dD is the
difference of ellipsometric angles for the heat-modified virgin
surface (DS) and the beam spot (DB).
So, ellipsometry was found to be sufficiently sensitive to
detect surface modifications created by H+ irradiation.

To calculate nL and kL for the beam-damaged layer
from the ellipsometric angles it is necessary to develop
a physical model of the surface layer after H+ irradia-
tion. Processing of the ellipsometric data for the beam
spots was carried out using several models based on
physical considerations relating to the peculiarities of
the interaction of the hydrogen ion beam with the SS
surface at various energies. The choice of an adequate
model was based on our optical microscopy and inter-
ferometry results. The optical microphotographs gave
reason to model the damaged layer on the specimens
with a conventional homogeneous film.

Table 2 shows the physical model applied to all three
specimens. Varying the energy has resulted in a change
of the refraction and absorption indices, but without
noticeable change of the calculated reflectance at normal
incidence R. This result is in agreement with the experi-
mental data for R reported in [11]. The optical parame-
ters nL and kL for the beam-damaged layer are also
plotted as a function of H+ energy in Fig. 5. The main
variation of these indices takes place for H+ energies
below �0.65 keV/H+. The change of these indices
between 0.65 and 1.5 keV/H+ is relatively small.

Using the latest version of TRIM, SRIM2000 [16],
ion range calculations were performed for H+ impact
on SS for the three energies used in the experiment.
The mean penetration depth is shown in Fig. 6; the
shaded region represents one standard deviation about
the mean value. The experimental values for the dam-
aged layer thickness, dL, (from Table 2) are also shown,
and for the ion fluence used in the present experiment
they all fall inside this shaded zone. This relatively good
agreement supports the reliability of the optical con-
stants nL and kL obtained in our experiments for the
damaged SS layer and the adequacy of the models.
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Fig. 7. The SEM microphotograph clearly reveals the surface
roughening on one of the grain surfaces on the beam spot of
specimen #3.
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5. Discussion

The model of the damaged surface layer on SS (see
parameters in Table 2) and the process of modified layer
formation as a result of H+ irradiation were proposed on
the basis of the experimental data. The main steps
involved in surface modification and the general picture
after sputtering by H+ (1.5 keV/H+) are as follows. The
initial �hard� surface (produced during the polishing pro-
cess, with nS = 2.32 and kS = 3.65 [5]) has been altered by
post-irradiation heating in vacuum. The surface became
�softer� (nS = 1.81; kS = 3.51) after removing the strained
layer with increased density of defects and stresses.

The bombardment by hydrogen ions with 0.3 keV/
H+ energy and a fluence �2 · 1024 H+/m2 only partially
removes this strained layer. Traces of this kind of layer
still appear to exist on the specimen surface exposed to
0.65 keV/H+ ions, as indicated by the white arrow in
Fig. 2(a). However, at 1.5 keV/H+ energy the strained
layer obscuring the substrate signal has almost com-
pletely been removed (Fig. 2(c)). In this case all grains
appear to have only one color.

It is observed that a larger and somewhat better de-
fined grain structure appears in the beam spot as the
H+ ion energy increases. Optical microscopy shows that
with 1.5 keV/H+ ions the surface topography, i.e., the
step structure, develops rather evenly over the surface
and grain boundaries. However, surface roughening in-
side some grains can also be found. For one of these
grains, the surface roughening clearly seen on a SEM
photograph (Fig. 7) is much stronger in comparison
with the other nearby grains (similar to [6]). It is not
clear why the surface roughness is not observed for all
crystallographic planes and why no direct correlation
was found between sputtering yield and the in-grain
roughness [6]. Perhaps it is due to the fact that grains
with different orientations in polycrystalline materials
are characterized by different defects and energy, leading
to fundamental differences in sputtering (etching) pro-
cesses. The most closely packed planes, e.g., (111)-type,
look smooth on SEM photographs [6]. Other inclined
planes show defects and structure imperfections in the
sputtering process, possibly causing the experimentally
observed roughness relief.

It is evident from the experimental results that the
development of surface topography during the sputter-
ing process consists of surface roughening along with
some enhancement of grain structure relief. The fact that
the optical parameters nL and kL are relatively constant
for the 0.65 and 1.5 keV/H+ energies (Fig.5) indicates
that no significant variation in the optical characteristics
of the surface across the specimen occurs during irradi-
ation at these energies. This is in approximate quantita-
tive correspondence with the small sputtering yield
difference for H+ ions with 0.65 and 1.5 keV/H+ energies
in comparison to the yield difference for 0.3 and
0.65 keV/H+ (Fig. 3).

It should be noted that in the present study the ob-
served behavior of the grain structure is definitely the re-
sult of sputtering – not the result of post-irradiation
heating – because similar structures were observed for
SS specimens which have not been heated in vacuum
after hydrogen ion irradiation [5].
6. Conclusions

The bombardment of stainless steel mirrors with
hydrogen ions leads to changes in the morphology and
structure of a stainless steel surface. In principle, there
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are two different processes on a SS surface subjected to
sputtering by hydrogen ions: (i) strained surface layer re-
moval and (ii) the formation of a step structure in the
bulk (i.e., not strained) SS material.

The damaged surface layer formed on the SS mirror
specimens during ion irradiation can be reliably modeled
with a homogeneous layer which is less dense than the
virgin material for energies of up to 1.5 keV/H+. The
optical constants nL and kL of this layer vary with energy,
but without noticeable variation of reflectance at normal
incidence, R. These measurements confirm that a large
factor in the loss of reflectivity experienced by SS mirrors
under H+ bombardment [5] is the differing erosion of
individual grains. In agreement with the results of [17],
we conclude that such mirrors would be more resistant
to losses in reflectivity were they made from single crys-
tals instead of polycrystalline steel. Further studies of
the type carried out by Balden et al. [6] will be required
to clarify the issue of which crystal orientations provide
the best response to H bombardment in fusion devices.

The results obtained demonstrate the capabilities of
optical microscopy, interferometry, scanning electron
microscopy and ellipsometry to perform detailed investi-
gations of microstructure and topography of SS mirror
specimens subjected to long-term H+ irradiation. In par-
ticular, ellipsometry is a very useful non-destructive
technique for investigating the effects of nm scale non-
homogeneous layers on solid surfaces.
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