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A B S T R A C T

Specular yields of 15 keV protons scattered from a KBr(0 0 1) electron-stimulated desorbed surface for 1.5–5 keV
electron irradiation have been measured, whose periodic oscillations are resulting from the layer-by-layer re-
moval by surface erosion. In each oscillation, the first half-period is found to elongate compared with subsequent
half-periods. This elongation indicates that extra electron fluence is needed for the initiation of the surface
erosion. The elongation depends on the irradiation electron energy and decreases with the elevating temperature
of the sample. From the extra electron fluence irradiated during the elongation, the amount of F centers accu-
mulated in the thin surface layers rise to 30% of the number of alkalis on the topmost layer. This high number of
F centers indicates that, before the initiation, the growth of aggregated F centers takes place in numerous heaped
F centers under the flat surface, as though the X centers are sinks of F center-diffusion.

1. Introduction

Ion beam analysis of surface nanostructures has been applied to
clarify a number of characteristics (e. g., atomic arrangements, re-
laxation, rumpling, lattice vibration) [1]. Using proton beams, we have
investigated the morphology resulting from the electron-stimulated
desorption (ESD) of an alkali-halide cleaved surface (ESD surface)
[2,3].

It is known that the alkali-halides ESD surface irradiated by keV
electrons contains many rectangular pits that is formed via the so-called
“layer-by-layer” desorption [4]. In the surfaces, a number of F and H
center pairs are created as Frenkel defects by external electrons, where
the F center is formed by an electron trapped in a halogen vacancy and
H center is formed by an interstitial halogen atom. The defects, H and
F* (2p excited F center, which is movable) centers, diffuse to the top-
most surface, and F centers aggregate on the surface. The aggregated F
center is hypothetical object named X center, initiates the formation of
a small pit (initial pit). After the initial pit density on the surface is
saturated, the removal of the first layer proceeds by expanding the area
of each pit. This is because only the alkali atoms on low coordinate
states can be neutralized by F centers and the number of the low co-
ordinated atoms is increased by the pit formation. At the same time,
when the neutralized alkali atom is ejected, the adjacent halogen atom
is replaced by the F centers [5].

For a novel application of this mechanism for alkali halides, F and X

center dynamics was discussed in the context of highly charged ions
(HCIs) irradiation [6]. KBr crystal was used to count HCIs via the ob-
servation of pits on the surface irradiated by HCIs [6,7]. The ion ap-
proaching the surface acts as a point source of potential sputtering and
a source for energetic electrons via the Auger process. The pits are
formed on the KBr surface with high efficiency by the ion. Thus the
surfaces were used as a detector for counting HCIs. A detail of X center
dynamics was begun to discuss, e. g., possible shapes of the X centers
created in the KCl surface induced by HCIs [8].

Although the previously mentioned ESD scenario is generally ac-
cepted, the model for the ESD scenario does not completely describe all
aspects of ESD of alkali halides [9]. In spite of the application con-
cerning with the pits, the mechanism of the initial pit formation is a
representative one that remains unclear and requires further in-
vestigation. For example, the pit formation requires the aggregated F
(X) centers at the start of the periodic removal of the surface layers.
Since the X centers are hypothetical objects, it is not clear why F centers
aggregate to form X centers or why and when they initiate the forma-
tion of pits on the flat surface. For the application of the pits to study
interactions of HCIs with surface, the ion above the surface acts as a
point source electrons [6–8]. The formation of the X centers by HCIs
relates deeply with the results of ESD by ordinary electron impacts. In
this work, we measured the specular oscillation of protons scattered on
a KBr(0 0 1) ESD surface following the periodical removal of layers to
enhance our understanding of the mechanism of ESD. We used a 15 keV
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proton beam for ion scattering and the energy of the electrons for ir-
radiation was 1.5–5 keV.

2. Experimental procedure

The experimental setup for the proton beam was described in our
previous work [10,11]. The proton beam from a radio frequency ion
source was transported to an ultra-high-vacuum (UHV) chamber
through two sets of X–Y slits. The base pressure of the UHV chamber
was 1 × 10−7 Pa.

Fig. 1 shows the schematic expression of the sample, electron irra-
diation and proton scattering experiments. The KBr sample
(22 × 17 × 4 mm3) was cleaved along the (0 0 1) surface in air and
was mounted on a sample holder with a four-axis goniometer. To clean
the surface, the sample was heated to 425 K and was maintained at this
temperature for 24 h (simultaneously baking the UHV chamber). Fur-
ther, the sample was heated to 580 K and maintained at this tem-
perature for 1 hr. Measurements were performed on the several clea-
vage surfaces of the KBr sample. The identical surfaces were cleaned
between the subsequent experiments using the same procedure (to be
heated to 580 K for annealing at 1 h). Measurements using the identical
surface were made 5–15 times.

The sample temperatures were measured at the heater, near where
the sample was positioned, using a thermocouple set. Although our data
with the heater temperature are shown for the purposes of comparison
with other previously reported results [4,5], the surface temperature of
the sample was lower than the heater temperature because of the
contact heat-resistance between the sample and the heater. The dif-
ference was estimated to be from 5 K (at 360 K) to 20 K (at 460 K) [12].
This estimation did not depend so much on the experimental setup such
as the vacuum chamber or the sample thickness, but decreased slightly
with the increasing force involved in clip the sample onto the heater.

The sample surface was irradiated by 1.5–5 keV electrons from a
gun connected to a port of the UHV chamber with an incidence angle of
60° measured from the (0 0 1) surface. At the entrance of the port of the
chamber, the electron beam was collimated by a 1.5 × 10 mm2 slit and
scanned two dimensionally by a modulated line scan method. The
electron beam after the scanning was spread over an area of
35 × 30 mm2 in front of the sample, and it covered the whole surface.
The current density was in the range of 40 ± 15 nA cm−2, which was
adjusted using two sets of Faraday cups with electron suppressors: one
was connected to a ceramic fixed behind an aperture of a movable
fluorescent screen, which also operated as an electron suppressor, and
another set was fixed 4 mm above the sample on the sample holder.

Interrupting the electron irradiation, the 15 keV proton beam col-
limated to 0.5 × 0.5 mm2 by two sets of X–Y slits impinged on the
surface with angles θi of 0.65° ± 0.15°. The azimuthal angle of the
incident beam was set off by 6° from the [1 0 0] crystallographic axis on

the surface. The incident beam currents after the collimation were no
more than 10 pA. The scattered beam was observed as a scattering
pattern. That is, the patterns on the fluorescent screen placed behind a
micro-channel plate (MCP) were measured by capturing images with a
commercial digital camera (EOS 60D; Canon). The intensity distribu-
tions of the scattered patterns were obtained from the B values of the
RGB color values of the images. Each image was obtained via a sum-
mation of 4 pictures. Each picture was exposed for 30 s. Between them,
35 s intervals were needed for computer processing to make image data
from the taken picture. Since time for irradiation of electrons was
needed, a total of 8 min, which includes the acquisition and the pro-
cessing time, was required for each set of irradiation fluence. Fig. 2
shows an example of the images measured by the digital camera. In the
image depicted, the incident beam was synthesized with the scattering
beam. As the current density of the incident beam was too large to be
measured by the MCP, the bias voltage for the incident beam to the
MCP was suppressed.

The specular intensities, captured in window A in Fig. 2, were
normalized by the total scattering intensities in window B, and were
plotted as normalized specular yields with increasing electron fluence.
Fig. 3 shows examples of the normalized specular yields. For compar-
ison, the specular yield at the non-irradiated surface is also shown in
Fig. 3(a), where the yield was found to be constant for the number of
measurements (i.e., the irradiation of protons). This is evidence that the
protons did not give any detectable damage on the surface. The yields
for the electron irradiated surface showed damping oscillations. They
are shown in Fig. 3(b)–(d) with fitting curves obtained using statistical

Fig. 1. A schematic depiction of the experimental setup.

Fig. 2. An example of the scattering patterns. The B value of the RGB color in
window A is specular intensity and the B value in window B refers to the total
intensity. The width of window A was 16 × 8 mrad2.
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software referred to as R (R-3.3.2). In all curves, the initial half-periods
were elongated compared with those following later.

3. Results

The oscillatory behaviors of the specular intensities were measured
according to a variety of energies of irradiating electrons, Ee, and
sample temperatures, T. The initial elongations made various shapes of
curves (i.e., non-symmetric peaked shapes, flat shapes, or decline
shapes) in the first half-periods. In contrast, the steady-state period was
not changed by repetition of the cycles but was constant for each
condition of Ee and T. The steady-state periods were measured as
functions of Ee and are shown in Fig. 4 for three temperatures, T.

Previous results presented by other groups for 1 keV electron irra-
diation with 45°angle of incidence, where the authors observed oscil-
latory behaviors of the desorption yields of K and Br atoms, did not
show explicit elongated half periods [4,5]. Even if, after the cleaning
process in the present study, the surface contained residual pits, ada-
toms, or molecules, the imperfections were the same for each condition
because the annealing processes were the same. In contrast, the elon-
gations did not have the same size but exhibited dependence on Ee and
T shown in the next figures (Figs. 5 and 6). The dependence could not
be explained by the imperfections of residual pits, adatoms or

molecules. In addition, the possibility for residual pits was lower, be-
cause the elongations were observed in the first measurements after the
sample exchange.

Fig. 3. Examples of the specular yield oscillations for various temperatures. (a)
The specular yield at a non-irradiated surface. The specular yield oscillations for
(b) 2, (c) 3, and (d) 5 keV electrons. The curves for the oscillation were fitting
functions (damping oscillation functions) processed by a statistical program
tool. The plots in the initial region were rejected for the fitting, where the
curves drawn were truncated.

Fig. 4. External electron energy dependence for the periods of steady-state
damping oscillations other than the first half. The errors shown were statistical
errors obtained by the fitting curves. The standard deviations arising from
averaging data measured with the same conditions were also accounted for. The
current densities of electrons were 40 ± 15nA cm−2. The three dotted curves
are visual guides.

Fig. 5. Dependence of the initial half-periods relative to the other half-periods
on the sample temperature, T. The errors shown were statistical errors obtained
by the fitting curves. The standard deviations arising from averaging data
measured with the same conditions were also accounted for. The five symbols
each correspond to Ee. The current densities of electrons were 40 ± 15nA
cm−2.
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Fig. 5 shows the temperature dependence of the elongations of the
initial half-periods to the other half-periods following (ratios of the
initials relative to the others). It can be seen that the elongation de-
creased with the elevating temperature. Fig. 6 shows the energy de-
pendence of the elongation from those shown in Fig. 5, where the plots
are averaged between several measurements in the same conditions.
The elongations shown in Fig. 6(a) and (b) were observed to be a few
tens of percent and looked like almost constant ratios. Yet, the results in
Fig. 6(c) showed an increase of elongation with Ee. The exponential
asymptote functions fitted by the data together with unity at Ee = 1 keV
are shown in Fig. 6(a) and (b), where we approximated that the pre-
viously measured elongation by other groups at 1 keV was negligibly
small [4,5,13]. The agreements of the fitting curves with measured
plots were good. Thus the previous results appear successively on the
present Ee dependence. Therefore the overall results show that, for the
low temperature results of Fig. 6(a), the elongation increased with in-
creasing Ee and reached a maximum 1.5–2 keV. In addition, the elec-
tron energy, where the elongation reached the maximum, increased
with the elevating temperature, T.

Note that, in the previous results for Ee = 1 keV, the density of stored
F centers in the surface layers was estimated to be a few percent. The
authors did not observed explicit elongation of the first half-period but
derived it from the difference between the emission yields of K and Br
atoms [4,5,13]. They successfully revealed the amounts of the stored F
centers, 0.5–2 × 1013 cm−2, in a few periodic cycles for Ee = 1 keV [5].

4. Discussion

The periods shown in Fig. 4 are proportional to the reciprocals of

the yields of atoms desorbed per external electron. The periods reduced
with elevating temperature, T. This indicates that the yields of deso-
rption increased with T. Energy dependence of the desorption yields of
thermal halogen components was reported previously and had broad
minimum at Ee = 2–3 keV [14]. Although the present Ee dependence
was too weak to insist that the periods showed broad maxima at
Ee = 2–4 keV. However, the present results were not inconsistent with
the previously reported results as shown by the dashed lines [14].

In contrast, the elongations decreased with temperature T as shown
in Fig. 5 and depended on the electron energy Ee as shown in Fig. 6.
That is, the elongations increased with increasing Ee and reached a
maximum around Ee = 2 keV for low T and monotonically increased
with increasing Ee (Ee < 5 keV) for high T.

We restrict here our discussion to the initial stage, before the start of
the steady state of the layer-by-layer removal. The ESD scenario showed
in the following [4,5,13]: The defects F and H centers are created from
excitons by external electrons. The F* and H centers diffuse to the
topmost surface. The H center emits interstitial halogen atom from the
surface. The alkali atom is neutralized by an F center and is ejected.
Simultaneously, the F center is replaced by the adjacent halogen atom.
However this process is not possible for the flat surface for an energetic
reason. Therefore, at the initial flat surface, F centers aggregate under
the surface. Then the aggregated F (X) center formed under the surface
initiates the formation of an initial pit. The F(X) centers work also to
trap halogen atoms transported to the surface as H centers (i.e., F–H
annihilation).

Although this scenario has been previously proposed, it is possible
that the aggregation may elongate the initial half-period. Obvious
elongations were observed in the present results. The right ordinates of
Fig. 6 show the amount of the F centers accumulated in a few surface
layers during the elongation (i.e., before the start of the steady state of
the damping oscillation). The amount was calculated on the translation
that the external electrons of the irradiation fluence for a period (1 ML
removal) cause F centers to accumulate on the surface, whose number
was equal to that of the alkali atoms on the topmost layer
(5.0 × 1014 cm−2). That is, if one extra period is present in the elon-
gated region, the number of the F centers corresponds to 1 ML of alkali
atoms. For 1.5 keV electrons, the elongation and estimated number of
stored F centers were minimal in our work. In previous studies that
verified the previously discussed scenario by 1 keV electron irradiation,
the number of stored F centers in the surface layers had been estimated
to a few percent of the number of alkali atoms on the surface [5,13].

The number of the F centers that accumulated in the surface layers
are determined by the creation of F–H pairs and the diffusion of F*
centers. With a simplified treatment, the relationship between the two
could be taken into account by comparing the diffusion length of F*
centers, λD, and the penetration depth of the external electron, lP. The
λD depends on the temperature T, whereas the lP depends on the ex-
ternal electron energy Ee.

The T-dependent λD at 410 K was estimated to be 50 nm for the
diffusion from the solid and 20 nm for the surface diffusion at
Ee = 1 keV [9,13]. With elevating temperature, T, the diffusion of the
F* centers was enhanced and λD increased (e.g., 100 nm for the surface
diffusion at 470 K) [13]. Thus F* centers are easily encountered in the
thin surface layers at high temperatures. Such encounters can enhance
their accumulation. This is the reason why the elongations of the initial
half-period decreased with elevating temperature T.

As for the Ee-dependent lP, the deposit energy and number of holes
as functions of penetration depth for 200–5000 eV external electrons
were demonstrated previously [15]. As a rough estimate, the lP’s are 25,
50 and 100 nm for Ee = 1, 2 and 4 keV, respectively. This shows that
the lP’s are comparable with λD and that external electrons with
Ee = 1 keV create a large fraction of exicitons within λD, however, lP
increases over λD with increasing Ee. Thus, the fraction of F* centers
that can reach the surface and aggregate, decreases as Ee increases. As
the number of excitons created within λD does not increase so much, the

Fig. 6. Dependence of the initial half-periods relative to the other half-periods
on the incident electron energy, Ee. The values for T = (a) 355, (b) 410 and (c)
470 K. The errors shown were statistical errors obtained by the fitting curves.
The standard deviations arising from averaging data measured with the same
conditions were also accounted for. The line in (c) shows a fitting linear
function, and the lines in (a) and (b) show the fitting exponential asymptote
functions calculated by the data shown along with unity at Ee = 1 keV. The
right ordinates of the figures show the number of F centers that accumulated in
the thin surface layers before the start of the steady-state damping oscillation in
the unit of ML (1 ML is 5.0 × 1014 atoms cm−2). The current densities of
electrons were 40 ± 15 nA cm−2.
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number of F* centers decreases with increasing Ee. It becomes more
difficult for the F centers to aggregate, and the elongation lengthens as
Ee increases.

Fig. 6 shows that this enhancement with Ee of the elongation
reached its limit at Ee = 2 keV at low T. That is, the increase of the
number of excitons created within λD reached its limit. At high T, the
diffusion of the F* centers increases and λD also increases. Thus the F*
centers created at deep positions could reach the surface and aggregate
to the X centers. Therefore, at high T, the elongation decreases in the
present range of Ee. Despite the overall small elongation for high T
(Fig. 6(c)), the elongation continues to increase beyond Ee = 5 keV,
where the external electrons become create F* centers at deeper posi-
tions. This fact is related to lP. With increasing lP in the present range of
Ee, the F* centers become hard to reach surface and the elongation
increases.

In contrast, the increase in the accumulated F centers at Ee ≦ 2 keV
shown in Fig. 6 indicates that the effect of the surface diffusion is im-
portant for aggregation to the X centers. At Ee = 1 keV, the F* centers
that diffused to the surface could also diffuse parallel to the surface
after arriving at the surface and aggregate to an X center. A possible
characteristic of the X centers is that they function as sinks of F* center-
diffusion within the thin surface layer. Thus, the X centers become core
for attracting F* centers that are quenched at the surface. Since the
chance of an encounter between an X center and an F* center diffusing
almost parallel to the surface in a thin region was large at the surface
diffusion, the X centers grew effectively at Ee = 1 keV. The X centers in
which the number of F centers that aggregated was less than several
percent of the surface atoms could initiate the initial pits. By increasing
Ee, the surface diffusion of F* centers and aggregation are suppressed.
Therefore, despite the large number of F centers that accumulated and
formed small X centers in the surface layer, surface erosion was not
initiated at Ee ≧ 2 keV.

On the basis of the above interpretation, the temperature depen-
dence shown in Fig. 5 can be understood as follows: At low T, as Ee

increased to 2 keV, more than half the F* centers diffused to the
surface and finished diffusing at the surface or in the solid. The im-
movable F centers were heaped under the surface and did not diffuse
along it. A large number of immovable F centers blocked the thermal
halogen diffusion because of F–H annihilation and a small fraction of
F* centers aggregated to X centers at Ee ≧ 2 keV. At high T, because the
F* centers could move easily, the number of immovable F centers
stored in the bulk decreased. This resulted in a small elongation at
high T.

Second, we discuss the steady state of the layer-by-layer removal,
where the oscillation continued with a constant period. The ESD
scenario showed the following [4,5,13]: In the steady state of the
damping oscillation, the process of combining the F* centers and al-
kali atoms, and F–H annihilation become dominant. At that time, no
further F centers aggregate. The movable F* centers arriving at the
surface can neutralize and eject alkali atoms. This process depends on
the number of atoms on the low-coordinate states. The number of F
(F*) centers under the surface decreases with the increasing number of
atoms on the low-coordinate states, and the pits grow their areas.
Again the surface is flattened as the removal of one layer approaches,
and the number of atoms on the low-coordinate states reduces to a
minimum. The number of the F centers under the surface also in-
creases as the one layer removal approaches. Under the flat surface,
the concentrations of X and F centers are saturated to initiate the in-
itial pits again.

Although the start of oscillation delayed in our results, after the start
of steady-state oscillation, a large number of the F* centers combined
with alkali atoms at low-coordinate states. The immovable F centers
heaped under the surface worked to block the diffusion of H centers.
Since the amount of the heaped F centers was around 30% of the
number of atoms on the topmost layer, a considerable fraction of the H
centers diffusing to the surface was blocked by them. The process

continued the steady-state oscillation with a constant period.
The densities of the F centers in the topmost thin layer, N1, and

those heaped in the surface layers, N2, can be written as functions of
external electron fluence φ as follow;

=N a b c Nd /d ( ) - ( ) ,1 1 1 1 1 (1)

=N a b c Nd /d - ( ) - ( ) ,2 2 2 2 2 (2)

where the first, second and third terms of the right-hand sides indicate
the creation of F centers from the diffused F* centers, decrease of F
centers via annihilation of F* centers by combination with alkali atoms,
and annihilation of F centers by a recombination with H centers, re-
spectively. The creation coefficients a 1 and a 2 are expected to be
constant for φ. As for b1(φ), since the F* centers that combine with
alkali atoms at low-coordinate states cannot become F centers, they
decrease creation of F centers, dN1/dφ, from the expected rate, a1φ. In
addition, if a pit erodes to the position of an F center in the topmost
layer, the F center annihilates via the combination with an alkali atom
of the pit-edge. Thus b1(φ) oscillates with φ, corresponding to the
density of the low coordinated atoms and the density N1 oscillates.
Consequently, c1(φ)N1 oscillates depending on N1 itself for the topmost
layer. In contrast, for the F centers that heaped in the surface layers,
b2(φ) = 0, assuming that the variation of the amount of F* centers at
the topmost surface layer does not give significant influence on N2. In
addition, c2 (φ) is expected to be a constant for φ, because it depends
only on the number of H centers simultaneously created with F* cen-
ters. Next, positive value of Eq. (2) increases N2 and makes the right-
hand side of Eq. (2) decreased, and vice-versa. Thus Eq. (2) may be
approximated to 0 during the damping oscillation. Therefore the den-
sity N2 is almost constant in the steady state.

The equations do not show the coupling process, where F centers
heaped in the surface layers move to the topmost surface. Even if the
density of F centers becomes large, we assume that the F centers are
trapped in lattice sites and movable F* centers become to be F centers
counted in N1 or N2. The F centers counted in N1 can aggregate to X
centers connecting with each other, when they are pasted by the F*
centers diffused in the topmost surface layers. In addition, the X center
grown at the surface would also take in the heaped F centers counted in
N2 lying near at the topmost layers. In this process, the F centers are
pasted with the X center by F* centers arrived through the bulk diffu-
sion. Via these X center growth processes, the repetition of the ag-
gregation to the X centers occurs at the periodically flattened surface.

The equations show that the number of F centers shown in Fig. 6
indicates the number of F centers that accumulated in the topmost thin
surface layers, N1 and a part of N2 (i.e., the number of heaped F centers
taken in X centers) at φ = φ0, which is the fluence at initiation.
Thereafter, in each condition of T and Ee, N1(φ) oscillated with φ. Al-
though the number of surface layers for containing N2 depend on T and
Ee, number of F centers, N2, in many surface layers is quenched and
remained almost constant for each condition of T and Ee, and correlats
with the mean value of oscillating N1(φ) in the steady state.

Note that, in the previous work for Ee = 1 keV, the authors revealed
the amounts of the stored F centers in a few periodic cycles as we stated
in the previous section [5]. Their amounts of stored F centers oscillated
with φ, which corresponded to the summation of our N1 and N2. The
number of surface layers for containing N2 for Ee = 1 keV was small
compared with that of the present study.

Finally, we discuss monolayer pits creation by HCIs impact from
viewing our results [6–8]. The number of desorbed atoms in the steady
state is ~10 atoms/electron for Ee = 2 keV and T = 440 K, which is
known from the periods shown in Figs. 4, or 2(b). The temperature,
T= 440 K, is nearly equal to that treated in the work [6]. The results of
the work showed that the number of the desorbed atoms was typically
2000 atoms, where the potential energy of the HCI was 15 keV [6]. If
the pit was created only by electrons emitted from HCI via Auger de-
cays, the number of bombarding electrons was simply estimated to be
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200. Even if HCI emitted electrons via a multi-electron process, the
number was somewhat large. In the previous work, an effect caused by
much higher density of electrons than ordinary electron bombardment
was discussed [6]. In this work, we stated that aggregated F center is
created on the initial flat surface instead of the atomic emission and the
shown number of the desorbed atoms/electron is only for the steady
state. The number of electrons needed to initiate the formation of pits is
2 × 1013/cm2 as known from Figs. 6, or 2(b). From the fluence, it is
estimated that 20 electrons/HCI bombarding the surface within an area
of the pit size (10 × 10 nm2) could create a pit. Since the energy of
Auger electrons was small compared with Ee = 2 keV, the aggregation
to X center might be more effective. This scenario shows that the Auger
electrons could remove 100 atoms/electron by creating a pit on the flat
surface. The high potential energy of HCI and high density of electrons
should help F centers to aggregate to an X center.

5. Conclusion

The oscillations of specular yields of protons scattered on a KBr
(0 0 1) ESD surface for 1.5–5 keV electron irradiation fluence were
measured. In the oscillation, the first half-period elongated, and the
elongation depended on the sample temperature and irradiation elec-
tron energy. From the extra electron fluence irradiated in the half-
period, the number of F centers that accumulated in the thin surface
layers during the elongation grew to 30% of the number of alkali atoms
on the topmost layer. Our interpretation is that the X centers functioned
as sinks of F* center-diffusion within the thin surface layer. It is ex-
pected that the X centers grew and bedded in numerous F centers under
the flat surface before the initiation of surface erosion. Aggregation to
the X center prior to steady-state oscillation occurred in the thin surface
layers, where the density of the F and F* centers in the surface layers
was quenched. With our results, we attempted to discuss the formation
of the X center by HCI impact.
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