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In this work, synthetic nano-structure hydroxyapatite samples were doped by carbonate ions
with 80 keV of energies during different times of 4, 8, 16, and 24 minutes using an ion im-
plantation device. All the samples were irradiated with the °Co gamma ray source at different
absorbed doses of 5, 10, 20, and 50 kGy and subjected to electron paramagnetic resonance
measurements, subsequently. The electron paramagnetic resonance signal intensities were
constructed as a function of radiation dose and were compared with the results of non-im-
planted one, and were studied from dosimetric point of view. The obtained results show a
considerable increment in electron paramagnetic resonance signal intensity of the samples

which were implanted for 24 minutes.
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INTRODUCTION

Electron paramagnetic resonance (EPR) spec-
troscopy is an extremely sensitive method for detec-
tion and measurement of free radicals. EPR has been
widely used in radiation dosimetry, control of irradi-
ated food, polymers and medical physics. EPR
biodosimetry is a physical method based on the mea-
surement of stable radiation induced radicals in the
calcified tissues of human body [1-5]. The individual
dose can be best reconstructed using probes that are
close to, or part of the exposed individual [6, 7].

Hydroxyapatite (HAP) with the chemical for-
mula of Ca,,(PO,)s(OH), is a suitable probe for dose
reconstruction due to containing stable radiation in-
duced radicals that are a diagnostic signature of radia-
tion exposure [6]. The research shows that the biologi-
cal HAP contains carbonate groups and a small
amount of other elements. During the formation of
HAP as the hard part of the bones and teeth, over the
time, some organic groups such as carbonate (Cng)
replace hydroxyl groups (OH") or phosphate (PO;3 )at
their positions in HAP crystals. Therefore, they have
differences in terms of physical, chemical, mechanical
properties as well as their crystallinity, and solubility
in comparison to the artificial HAP [8, 9].

Ion implantation is one of the ways to change the
physical structure of thin films. Replacement of ion in
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the network structure will change the chemical com-
position of the substrate material, thus other properties
of material could be changed subsequently. In this
method, high-energy carbonate ions produced by an
ion implantation device in a perfect vacuum, penetrate
into the substrate material.

In this work the CO; ions entered into the HAP
crystal structure at different bombardment times and
were irradiated at different doses and subjected to the
EPR measurement, subsequently. The results were
compared with those of non-bombarded HAP samples.

EXPERIMENTAL PROCEDURE

Sample preparation

The HAP samples were obtained from Merck
Company, Germany. The HAP powder samples were
spread on the surface of an alumina sample holder to
form a thin layer. Then the sample holders containing
the HAP were subjected to carbonate ions bombard-
ment.

Ion implantation procedure

A device of ion implantation system model
MBM100, made in China was used in this experiment.
The sample holders were transferred to the special
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sample place in the ion implantation system. Before
each implanting operation, the chamber was scoured
out with alcohol and acetone. When the vacuum pres-
sure reached 7-10~ Torr, the valve connected to the
CO, gas capsule was opened till the vacuum reached
the desired values. Then the appropriate voltage and
current were applied to produce CO3 ion beam with
80 keV of energy to bombard the samples. The sam-
ples were exposed to the ion beam in different time pe-
riods of 4, 8, 16, and 24 minutes. The system parame-
ters during the implantation were ~18 mA ion beam
current, 80 kV beam voltage, and 0.5 pA beam current
on sample.

Characterization

Fourier transmission infrared spectroscopy
(FTIR) was carried out on the samples in the wave
number range of 400-4000 cm™' using a Perkin Elmer,
series 100 spectrometer. Transmission electron mi-
croscopy (TEM) system EM208S series, made by
Phillips Company was utilized to study and determine
the size and morphology of the particles. X-ray dif-
fraction (XRD) analysis was performed by a Philips
Analytical X-Ray B.V., with the use of CuKa radia-
tion (1.5456 A" wavelength), in the 20 range of
20°-60°. The grain size of the prepared powder prod-
ucts was measured using the Scherer's equation

. 0.894
Bcos6

where ¢ [nm] is the grain size, A [nm] —the wavelength
of the X-ray, B [rad] — the full width at half maximum
ofapeak in X-ray pattern, and 6 —the Bragg's angle.

(1

Irradiation

Irradiation was carried out using a ®®Co gamma-ray
source facility, PX-30, made in Russia. The samples were
irradiated at doses of 5, 10, 20, and 50 kGy.

EPR measurement

The samples were put into the quartz thin-wall
EPR tubes (4 mm diameter) and measured with a
Bruker EMS-104 spectrometer operating in X-band.
The EPR signal intensities were measured as peak to
peak height for the most intense EPR lines (first de-
rivative of the absorption spectra) per sample mass.
Theused EPR spectrometer parameters for this study
were 0.285 mT modulation amplitude, 100 kHz mod-
ulation frequency, 3.0 mT scan width, 1024 point
field resolution, 164 m/s time constant, 21 s sweep
time and 50 dB receiver gain.

"1A=10"m

RESULTS AND DISCUSSION

XRD patterns of the HAP samples before and af-
ter the carbonate ion implantations were measured and
demonstrated in fig.1. Evaluation and comparison of
the sample diffraction patterns indicate the existence
of the peaks in all samples which are fully in accor-
dance with the standard cards of HAP (card no.
00-0350-0180). The XRD patterns show that the peak
positions before and after implantation have not
changed and no new peaks appeared afterward.
Considering the intensity of the peak in position of
25.9° with Miller indices of (002), it is obvious that an
increase in implantation time (carbon increase), de-
creases the peak height and increases the peak width.
This result is in accordance with those reported in
some references [10-15].

Figure 2 shows the FTIR analysis results for the
samples before and after the implantation process. All
of the observed bands are related to the carbon apatite
which can be arranged in three types of phosphate,
carbonate, and hydroxyl groups. The bands were ob-
served in positions of 885 cm ™! and 1417 cm™!, while
1570 cm™! were associated with carbon compounds
that became more intense due to the carbonate ion im-
plantation. This means that the carbons have entered
into the structure of HAP samples via this method.
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Figure 1. XRD patterns of the carbonate ions implanted
HAP sample in comparison to the non-implanted one
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Figure 2. FTIR spectrum of carbonate ions implanted
sample in comparison to the non-implanted one
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Table 1. Average particle sizes of the HAP samples
bombarded in different times

Bombardment time | Average particle size | Standard
[min] [nm] deviation

0 22.24 +3.17

4 21.19 +3.51

8 19.22 +2.61

16 18.66 +2.51

24 17.98 +2.82

The grain sizes of the HAP samples were calcu-
lated by eq. 1 using the data extracted from the XRD
patterns for the main XRD peaks. The average values
over the same implantation time are reported in tab. 1.
The results demonstrate that the average grain size de-
creases as the ion implantation time increases. In the
author's view the decreasing of sample grain sizes is
associated with the sputtering of grains due to the hit-
ting of accelerated CO3 ions. In fact, an increase in im-
plantation time causes more spattering and a smaller
particle size.

TEM micrographs of the HAP samples are dem-
onstrated in fig. 3. The particle sizes in the samples are
obvious in TEM associated image which confirms the
obtained results indicated in tab. 1.

Figure 4 shows the EPR signal intensity varia-
tion as a function of carbonate ion implantation time at
different radiation absorbed dose for the HAP sam-
ples. This figure clearly indicates that the EPR signal
intensities remained approximately constant up to 16
minutes and increased afterwards.

Figure 5 shows the EPR signal intensity varia-
tion as a function of absorbed dose for the samples that
were implanted by carbonate ions at the different times
in comparison to the non-implanted samples.

It is obvious from the figure that EPR response
trends of the implanted and non-implanted samples
are almost the same in different dose intervals. For in-
stance, all of the curves have acceptable response to be
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Figure 4. EPR signal intensity variations of HAP samples
against the COj} ions implantation time
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Figure 5. EPR response of HAP samples implanted with
COj ions in different bombardment times

used as calibration curve at the dose lower than about
20 kGy. It means that the saturation occurs near the
same dose for all the samples. On the other hand, the
curve associated with the HAP samples implanted for
24 minutes with CO} ions, shows a very high EPR re-
sponse in comparison to the others. This phenomenon
could be associated with the differences in percentage

Figure 3. TEM provided microstructure of HAP samples: (a) before implantation and (b) after 24 min implantation
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of carbon contents, particle sizes and the morphology
ofthe samples. The carbonated impurities are incorpo-
rated into, or attached to the surface of HAP crystal
during formation, and are converted to radicals
through absorption of ionizing radiation. The contri-
bution of the radiation induced radicals is mostly due
to the attached carbonated impurities on the surface of
HAP crystals. Thus, increasing the carbonate ion im-
plantation time and decreasing the HAP particle size,
causes the increase of the free radical population and
EPR response, consequently [16-18].

CONCLUSIONS

The XRD and FTIR analysis indicate that car-
bonate ions have entered into the structure of HAP and
carbon apatite was formed using the ion implantation
method. The obtained results from the XRD and TEM
analyses demonstrate that the average grain size de-
creases as the ion implantation time increases. The
EPR response of the HAP samples implanted by car-
bonate ions in 24 minutes shows the higher intensity in
comparison to the other samples. At a final conclusion,
the ion implantation technique is the physical method
to improve the EPR signal intensity of the HAP sam-
ples due to the increasing the carbonate radicals at-
tached to the crystal surface and decreasing the parti-
cle size.

AUTHOR CONTRIBUTIONS

The research idea and the theoretical analysis
were carried out by F. Ziaie, and the experiments were
carried out by B. Baghalzadeh and F. Dowlatshah. The
ion beam implantation process was carried out under
supervision of M. M. Larijani. The manuscript was
written by F. Ziaie, and the figures were prepared by F.
Ziaie.

REFERENCES

[1]  Stachowicz, W., et al., Sterilization and Preservation
of Biological Tissues by lonizing Radiation, Panel
Proc. Series, IAEA, Vienna, STVPUB/247, 1970, p.
15

[2]  Stachowicz, W., et al., Application of Electron Para-
magnetic Resonance (EPR) Spectroscopy for Control
ofIrradiated Food, Journal of the Science of Food and
Agriculture, 58 (1992), 3, pp. 407-415

[3] Mahesh, K., Vij, D. R., Techniques of Radiation Do-
simeter, New Delhi, India, Wiley, 1985

[4] Bogl, K. W, Regulla, D. F., Suess, M. J., Health Impact,
Identification, and Dosimetry of Trradiated Food, Report
of a WHO Working Group, Nuremberg, FRG, ISH
1988, p. 125

[5] Ziaie, F., et al., Retrospective Dosimetry Using Syn-
thesized Nano-Structure Hydroxyapatite, Radiation
Protection Dosimetry, 145 (2011), 4, pp. 377-384

(6]

[13]

[14]

*** TECDOC-1331, Use of Electron Paramagnetic
Resonance Dosimetry with Tooth Enamel for Retro-
spective Dose Assessment, International Atomic En-
ergy Agency, IAEA, 2002

Lanjanian, H., e al., A Technique to Measure the Ab-
sorbed Dose in Human Tooth Enamel Using EPR
Method, Radiation Measurement, 43 (2008), 1, pp.
648-650

Driessens, F. C. M., The Mineral in Bone, Dentine and
Tooth Enamel, Bull. Soc. Chem. Belgrade, 89 (1980),
8, pp. 663-689

Callens, F., et al., EPR of Carbonated Derived Radi-
cals: Application in Dosimetry, Dating and Detection
of Irradiation Food, Applied Magnetic Resonance, 14
(1998), 2-3, pp. 235-254

Liao, S., et al., Morphological Effects of Variant Car-
bonates in Biomimetic Hydroxyapatite, Materials
Letters, 61 (2007), 17, pp. 3624-3628

Oliveira, L. M., Rossi, A. M., Lopes, R. T., Dose Re-
sponse of A-Type Carbonated Apatites Prepared Un-
der Different Conditions, Radiation Physics and
Chemistry, 61 (2001), 3-6, pp. 485-487

Schramm, D. U., Rossi, A. M., Electron Spin Reso-
nance (EPR) Studies of CO, Radicals in Irradiated A
and B-Type Carbonated Containing Apatites, Applied
Radiation and Isotopes, 52 (2000), 5, pp. 1085-1091
Suchanek, W. L., et al., Mechanochemical-Hydro-
thermal Synthesis of Carbonated Apatite Powders at
Room Temperature, Biomaterials, 23 (2002), 3, pp.
699-710

Pieters, I. Y., et al., Carbonated Apatites Obtained by
the Hydrolysis of Monetite: Influence of Carbonate
Content on Adhesion and Proliferation of MC3T3-E1
Osteoblastic Cells, Acta Biomaterialia, 6 (2010), 4,
pp. 1561-1568

LeGeros, R. Z., Effect of Carbonate on the Lattice Pa-
rameters of Apatite, Nature, 206 (1965), pp. 401-403
Hajiloo, N., Ziaie, F., Mehtieva, S. 1., Gamma Irradi-
ated EPR Response of Nano-Structure Hydroxyapatite
Synthesized via Hydrolysis Method, Radiation Protec-
tion Dosimetry, 148 (2011), 4, pp. 487-491

Ziaie, F., Hajiloo, N., Amraei, R., Comparison of Syn-
thesized Micro- and Nanostructure Hydroxyapatite
for EPR Dosimetry, BioNanoScience, 2 (2012), 2, pp.
104-107

Dowlatshah, F., ef al., Post-Annealing Effects on EPR
Response of Irradiated Nanostructure Hydroxyapatite,
Radiation Effects and Defects in Solids, 167 (2012), 12,
pp. 937-946

Received on December 4, 2012
Accepted on May 31, 2013



B. Baghalzadeh, et al.: Gamma Irradiated Electron Paramagnetic Resonance ...
264 Nuclear Technology & Radiation Protection: Year 2013, Vol. 28, No. 3, pp. 260-264

bura BATAJNIZAEX, ®apxyn SUANE, ®aremex JOBJATIIAX,
Manun Mojraxenzanex JAPUIIAHU

EIIP OA3UB HA TAMA O3PAYMBAILE XUJIPOKCHUAITIATUTA
NMILIAHTUPAHOI JOHUMA KAPBOHATA

Y oBOM pajly NIpOoy4YaBaHU Cy Y30pLHU CUHTETUYKE HAHOCTPYKTYpE XUAPOKCHANATUTA, KOjU CY
kopuitheweM ypebaja 3a jOHCKYy MMIUTaHTaNuUjy JONMpPaHu joHnMa KapboHaTta enepruja 80 keV, Tokom
BPEMEHCKUX HHTepBana ofi 4, 8, 16 u 24 munyTta. CBU y30pIj 03padeHH cy M3BOPOM rama 3padema *’Co 1o
HUBOA ancop6oBaHux jo3a of 5, 10, 20 u 50 kGy, n morom nopspraytu EITP mepewmuma. Jaunne EITP
cursaja, mpejicraB/beHe Kao (yHKUIMja J03e 3pauewma M ynopebeHe ca pesyaraTuma mpoueca 0e3
UMIUTaHTaIje, TPOoyYaBaHe Cy ca JJO3MMETPHUjCKOr CTaHOBMINTA. Pe3ynraTn mokasyjy 3HauajaH mopact
jaunHe cUTHajla KOJ y30paKa KOju Cy UMIUIaHTUpaHu 24 MUHYTA.

Kmwyune peuu: EIIP ciiekiipomeitiap, XuopoKcuanaiuil, 2ama 3apaierbe, 00UUparbe Y2meHUKOM,
JOHCKa umitaaHiiayuja




