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a  b  s  t  r  a  c  t

Sapphire  single  crystal  for optical  window  material  was  irradiated  by  rays  and  particles  when  served  in
the  space  environment,  thus,  the  optical  properties  and  structure  would  be  changed  even  the  window  lost
its  effectiveness.  The  change  of the  surface  roughness  and  transmittance  caused  by  electron,  proton  and
integrated  currents  was  discussed  through  the  ground  simulation  experiment.  The  AFM  test  indicated  that
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the  space  particle  irradiation  led  to roughness  decreased  with  dose  effect  and  energy  effect,  meanwhile,
the  integrated  current  caused  the  maximum  effect  and  the  electron  minimum;  different  range  between
electron  and  proton  caused  the  distinguishing  effect  on  roughness  of back  side.  According  to  the  UV-Vis-
VIR  and FTIR  testing  result,  the  particle  irradiation  gave  rise  to  decrease  of  transmittance  accompanied
by  dose  effect  and  energy  effect,  especially  in  ultraviolet  band,  different  kinds  of  particle  caused  different

m
om
ransmittance
effect  in  each  band.

. Introduction

With the rapid development of electro-optical technology, sap-
hire single crystal (˛-Al2O3) was widely used for various space
ptical windows material in aerospace field because of its high
ardness [1], corrosion resistance [2] and excellent optical per-

ormance [3,4]. However, the sapphire optical window would
nevitably be irradiated by different rays [5,6] (such as X-ray, �-
ays) and ion currents [7,8] (protons electrons and other particles)
ervice in space environment, therefore, the optical properties
nd structure would be changed and affected the performance.
hus, the research of properties variation because of the irradiation
ould provide effective help for improving the work performance

f optical windows, extending the service life and developing the
ew windows.

In  this paper, the surface roughness and the transmittance
efore  and after the particle irradiation were characterized through
eries of detection devices. Finally, the optical properties and struc-
ure change of sapphire single crystal for optical windows caused
y electron, proton and integrative irradiation were discussed.
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2. Experimental

2.1. Experimental content

We  used the proton current, electron current, integrated (pro-
ton and electron) current radiated by the ground simulation
experiment for simulating the space radiation environment which
sapphire windows served in, the experimental content was shown
in Table 1. The change of optical properties and structural includ-
ing surface roughness and transmittance caused by irradiation were
characterized.

2.2. Specimen preparation

The  large-size sapphire single crystal material which was  self-
developed through SAPMAC (Sapphire Growth Technique with
Micro-pulling and Shoulder at Cooled Center) process [9] by Science
and Technology on Advanced Composites in Special Environments
Laboratory of Harbin Institute of Technology was used in this
paper. The foursquare flaky specimens shown in Fig. 1 with size of
10 mm  × 10 mm  × 0.43 mm were cut from the same position of the
crystal through ultraviolet laser processing technology, precision
mechanical and chemical double-sided polishing made the surface
roughness reach Ra 0.3–0.4 nm.

2.3. Experimental installation

.c
КИФК Combined Irradiation Analog Device made in Ukraine
was used for ground simulation experiment. The device included
a vacuum system, proton and electron accelerators and control
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Table  1
Experimental content of the simulate space irradiation.

Specimen number Irradiation content Irradiation energy (keV) Irradiation dose (cm−2) Irradiation time (s)

0# No irradiation 0 (for contrast) 0 (for contrast) 0 (for contrast)
1-1# Irradiated by electron 100 2  × 1015 2000
1-2#  5 × 1015 5640
1-3#  2 × 1016 16,400
2-1# 150 2  × 1015 2000
2-2#  5 × 1015 5640
2-3#  2 × 1016 16,400
3-1# Irradiated by proton 100 2  × 1015 2000
3-2#  5 × 1015 5640
3-3#  2 × 1016 16,400
4-1# 150 2  × 1015 2000
4-2#  

15

4-3#  

5-1#  Irradiated by proton and electron (p+ = e−) 100 
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ig. 1. Sapphire specimens for the ground simulation experiment of space irradia-
ion.

ystems to make sure that the device could get the proton beam,
lectron beam or integrated beam with energy range between
0 keV and 200 keV, the device could ensure the cleanliness of the
pecimens chamber and the reliability of the experimental results.
he flaky specimens were placed in the specimen chamber with
he vacuum degree of 4.2 × 10−4 Pa. sp
Surface roughness of the sapphire single crystal before and after
he irradiation was gauged by the CSPM5550 AFM (Atomic Force

icroscopy) manufactured by Being Nano-Instruments Ltd., the
urface roughness was gauged from seven different regions with

ig. 2. The surface stereogram of the specimens which were irradiated by electron, proto
c)  1-3#, back side; (d) 3-3#, front side; (e) 3-3#, back side and (f) 5-1#, front side (the ir

www.

5 × 10 5640
2 × 1016 16,400
2 × 1016 16,400

the  area of 16 �m × 16 �m on the specimens and the average value
was adopted in the paper finally. Lambda 950 UV-Vis-NIR Spec-
trophotometers manufactured by PerkinElmer Inc. was  used for
testing of transmittance in UV–vis-NIR (ultraviolet–visible-near
infrared)  band (wavelength during 200–2500 nm)  with step of
4 nm,  meanwhile, the Spectrum One B FT-IR spectrometer was used
for testing transmittance in MIR  (middle infrared) band (wave-
length during 2800–5000 nm)  with step of 1 wave number (wave
number = 10 mm/wavelength).

3.  Results and discussions

3.1.  Surface roughness analysis

The front sides of the specimens were irradiated by particles
in the experiments, afterwards, we  got clear surface stereogram of
both sides by Atomic Force Microscopy, a part of stereogram was
shown in Fig. 2.

We  found that the specimens irradiated by the particles were
rougher than specimens which were not irradiated through con-
trasting Fig. 2(a)–(f), meanwhile, the surface roughness of the
back side also increased after the irradiation through contrasting
Fig. 2(a)–(c) and (e). The causation of this phenomenon was the
surface charge effect [10] was triggered when the particles reached

.co
m.cn
the front superficies of the specimens, that is to say, the charged
particles led to the relative potential difference in different region
of superficies, the superficies of sapphire will be sparked over and
part of them melted. In order to analyze and contrast the change

n and integrative currents respectively. (a) 0#, no irradiation; (b) 1-3#, front side;
radiation dose, energy and time were shown in Table 1).
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Fig. 3. Histogram of the surface roughness before and after irradiation. (For each
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Fig. 4. Transmittance–wavelength curves of specimens which were irradiated by
16 −2

that proton led to the maximum transmittance decrease than elec-

m.co
m.cn
pecimen, the irradiation dose, irradiation energy and irradiation time were shown
n Table 1.)

f the surface roughness after irradiation, we displayed the surface
oughness in form of histogram which was showed in Fig. 3.

According  to Fig. 3 we could figure out that the dose effect and
nergy effect was accompanied by the space particles irradiation,
n other words, with the increase of the irradiation dose and energy
he surface roughness of front and back sides increased. Compared
o the irradiation by the low dose of particles, the energy effect
n the specimens which were irradiated by high dose was not so
bvious, thus, we hypothesized that the energy effect would disap-
eared when the irradiation dosage increased to the critical value
c, meanwhile, the dose effect would dominated in the sort of

ituation.
Contrasted the surface roughness of specimens irradiated by dif-

erent kinds of particles from Fig. 3, we can came to the conclusion
hat the proton current led to more damage than electron current
ith same dose, because the mass of the proton was  1800 times

o the electron although they carried the same quantities of elec-
ric charge, therefore, the proton lost more energy than electron
hen they dashed against the surface and then the Coulomb colli-

ion occurred. We  could also figure out that the integrated currents
aused the maximum damage to the sapphire both than the pro-
on and electron currents according to Fig. 3, the reason leading to
his phenomenon was not only the surface charge effect but also
he bulk charge effect which was caused by the different internal
ange between proton and electron in material, thus, the voltage
enerated by the internal electric field rose with increasing of irra-
iation dose until the material was sparked over at the critical
alue Uc.

When  the specimens were irradiated by proton, the surface
oughness of back side was distinguishable from electron irradi-
tion which caused the obvious change of surface roughness on
ack side. The empirical equation of electronic maximum range Eq.
1) and empirical equation of protonic maximum range Eq. (2) [11]
ould interpret this phenomenon adequately.

e-max = 0.407E1.38
e-max (0.10 MeV  < Ee-max < 0.8 MeV) (1)

1
�

dE

dx
= 4�N0z2e4

mec2ˇ2

Z

A

[
ln

2mec2ˇ2

I(1 − ˇ2)
−  ˇ2 − C

Z
− ı

2

]
(2)

Calculated the range of particles according to Eqs. (1) and (2) we

www.sp
ound that the range of electron was 100 times than the proton in
he sapphire single crystal, therefore, the electron current affected
he sapphire deeper than the proton.
kinds of particle and energy with the dose of 2 × 10 cm . (a) UV,  (b) Vis–NIR and
(c)  MIR. (The symbols on the curves were only used for distinguishing the type of
curves, not meaning that we only tested so few points.)

3.2. Transmittance analysis

We  discussed the space particles irradiation effect on the
transmittance of sapphire single crystal through testing the
transmittance in the band of 200–5000 nm by UV-Vis-NIR spec-
trophotometers and FT-IR spectrometer. Finally, we  found that
the irradiation caused the decrease of transmittance and each
kinds of particle led to different effect in different band. The
transmittance–wavelength curves of specimens which were irradi-
ated by kinds of particle and energy with the dose of 2 × 1016 cm−2

were shown in Fig. 4.
We  noticed that the transmittance decreased most fiercely in

the ultraviolet band than in Vis–NIR–MIR band through the com-
prehensive comparison between Fig. 4(a)–(c). We could make out
tronic and integrative current in the ultraviolet band from Fig. 4(a),
the curve with rhombus symbols explained this view ideally. In
the Vis band the curve with erect triangle symbols of Fig. 4(b)
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ig. 5. Transmittance–wavelength curves of sapphire irradiated by 100 keV proton.
a) UV, (b) Vis–NIR and (c) MIR. (The symbols on the curves were only used for
istinguishing  the type of curves, not meaning that we only tested so few points.)

ointed out that the electron irradiation had the maximum influ-
nce on the transmittance of sapphire single crystal, furthermore,
n the Vis–NIR band we could hardly see the exists of the energy
ffect. When we turned our attention to Fig. 4(c) which were the
ransmittance–wavelength curves in the MIR  band we found the
ules of transmittance decrease to follow, the effect on the trans-
ittance adhered to descending order of the integrated current,

roton and electron current, contrasted the curve with round dot
nd curve erect triangle symbols, the curve with handstand trian-
le symbols and curve with rhombus symbols we found the energy
ffect existed in the decrease process of transmittance.

We studied the dosage effect on the transmittance of sap-

www
hire irradiated by 100 keV proton as a case, the transmittance–
avelength curves were shown in Fig. 5.

Fig. 5 showed that the dose effect really existed in the process
f transmittance decrease, in other words, the decline level of

[

2014) 1465– 1468

transmittance  was  related to the dose of irradiation, with the
increase of irradiation dose the transmittance decreased seriously.

4. Conclusions

To research the irradiation of space particles effect on sapphire
single crystal for optical windows, a series of ground simulation
experiments were carried out through the laboratory equipments.
The surface roughness and the transmittance before and after the
irradiation under various conditions were discussed. According to
the results of AFM testing, we found that the particles irradiation
resulted in the increase of the surface roughness, furthermore, the
dose effect and energy effect was  accompanied by the irradiation
process; the energy effect had less of effect even would disap-
peared with the increase of irradiation dose; the different range
between proton and electron in material led to the roughness dif-
ference of back side. The UV-Vis-NIR spectrophotometers and FT-IR
spectrometer testing of transmittance before and after irradiation
showed that the particles irradiation caused the decrease of trans-
mittance and also with dose effect and energy effect, the maximum
decrease appeared in the UV band, different kinds of particles had
different effect in each band, in the ultraviolet band the effect of
proton dominated, the impact of electron was  mainly reflected in
the Vis–NIR band, meanwhile, the integrated particles resulted in
the most decrease of transmittance in MIR  band.
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