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In this work, syn thetic nano-struc ture hydroxyapatite sam ples were doped by car bon ate ions
with 80 keV of en er gies dur ing dif fer ent times of 4, 8, 16, and 24 min utes us ing an ion im -
plan ta tion de vice. All the sam ples were ir ra di ated with the 60Co gamma ray source at dif fer ent 
ab sorbed doses of 5, 10, 20, and 50 kGy and sub jected to elec tron para mag netic res o nance
mea sure ments, sub se quently. The elec tron para mag netic res o nance sig nal in ten si ties were
con structed as a func tion of ra di a tion dose and were com pared with the re sults of non-im -
planted one, and were stud ied from dosimetric point of view. The ob tained re sults show a
con sid er able in cre ment in elec tron para mag netic res o nance sig nal in ten sity of the sam ples
which were im planted for 24 min utes.
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IN TRO DUC TION

Elec tron para mag netic res o nance (EPR) spec -
tros copy is an ex tremely sen si tive method for de tec -
tion and mea sure ment of free rad i cals. EPR has been
widely used in ra di a tion do sim e try, con trol of ir ra di -
ated food, poly mers and med i cal phys ics. EPR
biodosimetry is a  phys i cal  method  based on  the mea -
sure ment  of  sta ble  ra di a tion in duced rad i cals  in the 
cal ci fied  tis sues  of  hu man body [1-5]. The in di vid ual
dose can be best re con structed us ing probes that are
close to, or part of the ex posed in di vid ual [6, 7].

Hydroxyapatite (HAP) with the chem i cal for -
mula of  Ca10(PO4)6(OH)2  is a suit able probe for dose
re con struc tion due to con tain ing sta ble ra di a tion in -
duced rad i cals that are a di ag nos tic sig na ture of ra di a -
tion ex po sure [6]. The re search shows that the bi o log i -
cal HAP con tains car bon ate groups and a small
amount of other el e ments. Dur ing the for ma tion of
HAP as the hard part of the bones and teeth, over the
time, some or ganic groups such as car bon ate (CO3

2- )
re place hydroxyl groups (OH–) or phos phate (PO4

3- ) at 
their po si tions in HAP crys tals. There fore, they have
dif fer ences in terms of phys i cal, chem i cal, me chan i cal 
prop er ties as well as their crystallinity, and sol u bil ity
in com par i son to the ar ti fi cial HAP [8, 9]. 

Ion im plan ta tion is one of the ways to change the
phys i cal struc ture of thin films. Re place ment of ion in

the net work struc ture will change the chem i cal com -
po si tion of the sub strate ma te rial, thus other prop er ties 
of ma te rial could be changed sub se quently. In this
method, high-en ergy car bon ate ions pro duced by an
ion im plan ta tion de vice in a per fect vac uum, pen e trate
into the sub strate ma te rial. 

In this work the CO2
+  ions en tered into the HAP

crys tal struc ture at dif fer ent bom bard ment times and
were ir ra di ated at dif fer ent doses and sub jected to the
EPR mea sure ment, sub se quently. The re sults were
com pared with those of non-bom barded HAP sam ples.

EX PER I MEN TAL PRO CE DURE

Sam ple prep a ra tion

The HAP sam ples were ob tained from Merck
Com pany, Ger many. The HAP pow der sam ples were
spread on the sur face of an alu mina sam ple holder to
form a thin layer. Then the sam ple hold ers con tain ing
the HAP were sub jected to car bon ate ions bom bard -
ment.

Ion im plan ta tion pro ce dure

A de vice of ion im plan ta tion sys tem model
MBM100, made in China was used in this ex per i ment.
The sam ple hold ers were trans ferred to the spe cial
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sam ple place in the ion im plan ta tion sys tem. Be fore
each im plant ing op er a tion, the cham ber was scoured
out with al co hol and ac e tone. When the vac uum pres -
sure reached 7×10–5 Torr, the valve con nected to the
CO2 gas cap sule was opened till the vac uum reached
the de sired val ues. Then the ap pro pri ate volt age and
cur rent  were ap plied to pro duce CO2

+  ion beam with
80 keV of en ergy to bom bard the sam ples. The sam -
ples were ex posed to the ion beam in dif fer ent time pe -
ri ods of 4, 8, 16, and 24 minutes. The sys tem pa ram e -
ters dur ing the im plan ta tion were ~18 mA ion beam
cur rent, 80 kV beam volt age, and 0.5 µA beam cur rent
on sam ple.

Char ac ter iza tion

Fou rier trans mis sion in fra red spec tros copy
(FTIR) was car ried out on the sam ples in the wave
num ber range of 400-4000 cm–1 us ing a Perkin Elmer,
se ries 100 spec trom e ter. Trans mis sion elec tron mi -
cros copy (TEM) sys tem EM208S se ries, made by
Phillips Com pany was uti lized to study and de ter mine
the size and mor phol ogy of the par ti cles. X-ray dif -
frac tion (XRD) anal y sis was per formed by a Philips
An a lyt i cal X-Ray B.V., with the use of CuKa ra di a -
tion (1.5456 Å* wave length), in the 2q range of
20°-60°. The grain size of the pre pared pow der prod -
ucts was mea sured us ing the Scherer's equa tion

t
B

=
089.

cos

l

q
(1)

where t [nm] is the grain size,  l [nm] – the wave length
of the X-ray, B [rad] – the full width at half max i mum
of a peak in X-ray pat tern, and  q – the Bragg's an gle.

Ir ra di a tion

Ir ra di a tion was car ried out us ing a 60Co gamma-ray
source fa cil ity, PX-30, made in Rus sia. The sam ples were
ir ra di ated at doses of 5, 10, 20, and 50 kGy.

EPR mea sure ment

The sam ples were put into the quartz thin-wall
EPR tubes (4 mm di am e ter) and mea sured with a
Bruker EMS-104 spec trom e ter op er at ing in X-band.
The EPR sig nal in ten si ties were mea sured as peak to
peak height for  the  most  in tense  EPR  lines (first  de -
riv a tive of the  ab sorp tion spec tra)  per  sam ple mass.
The used  EPR  spec trom e ter  pa ram e ters for  this study 
were 0.285 mT mod u la tion am pli tude, 100 kHz  mod -
u la tion fre quency,  3.0 mT scan  width, 1024  point 
field res o lu tion, 164 m/s time con stant, 21 s sweep
time and 50 dB re ceiver gain. 

RE SULTS AND DIS CUS SION

XRD pat terns of the HAP sam ples be fore and af -
ter the car bon ate ion im plan ta tions were mea sured and 
dem on strated in fig.1. Eval u a tion and com par i son of
the sam ple dif frac tion pat terns in di cate the ex is tence
of the peaks in all sam ples which are fully in ac cor -
dance with the stan dard cards of HAP (card no.
00-0350-0180).  The XRD pat terns show that the peak
po si tions be fore and af ter im plan ta tion have not
changed  and  no  new  peaks  ap peared  af ter ward.
Con sid er ing the in ten sity of the peak in po si tion of
25.9° with Miller in di ces of (002), it is ob vi ous that an
in crease in im plan ta tion time (car bon in crease), de -
creases the peak height and in creases the peak width.
This re sult is in ac cor dance with those re ported in
some ref er ences [10-15].

Fig ure 2 shows the FTIR anal y sis re sults for the
sam ples be fore and af ter the im plan ta tion pro cess. All
of the ob served bands are re lated to the car bon ap a tite
which  can be ar ranged in three types of phos phate,
car bon ate, and hydroxyl groups. The bands were ob -
served in po si tions of 885 cm–1 and 1417 cm–1, while
1570 cm–1 were as so ci ated with car bon com pounds
that be came more in tense due to the car bon ate ion im -
plan ta tion. This means that the car bons have en tered
into the struc ture of HAP sam ples via this method.
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Fig ure 1. XRD pat terns of the car bon ate ions im planted
HAP sam ple in com par i son to the non-im planted one

Fig ure 2. FTIR spec trum of car bon ate ions im planted
sam ple in com par i son to the non-im planted one* 1Å = 10–10 m



The grain sizes of the HAP sam ples were cal cu -
lated by eq. 1 us ing the data ex tracted from the XRD
pat terns for the main XRD peaks. The av er age val ues
over the same im plan ta tion time are re ported in tab. 1.
The re sults dem on strate that the av er age grain size de -
creases as the ion im plan ta tion time in creases. In the
au thor's view the de creas ing of sam ple grain sizes is
as so ci ated with the sput ter ing of grains due to the hit -
ting of ac cel er ated CO2

+  ions. In fact, an in crease in im -
plan ta tion time causes more spat ter ing and a smaller
par ti cle size.

 TEM mi cro graphs of the HAP sam ples are dem -
on strated in fig. 3. The par ti cle sizes in the sam ples are
ob vi ous in TEM as so ci ated im age which con firms the
ob tained re sults in di cated in tab. 1.

Fig ure 4 shows the EPR sig nal in ten sity vari a -
tion as a func tion of car bon ate ion im plan ta tion time at
dif fer ent ra di a tion ab sorbed dose for the HAP sam -
ples. This fig ure clearly in di cates that the EPR sig nal
in ten si ties re mained ap prox i mately con stant up to 16
minutes and in creased af ter wards. 

Fig ure 5 shows the EPR sig nal in ten sity vari a -
tion as a func tion of ab sorbed dose for the sam ples that
were im planted by car bon ate ions at the dif fer ent times 
in com par i son to the non-im planted sam ples. 

It is ob vi ous from the fig ure that EPR re sponse
trends of the im planted and non-im planted sam ples
are al most the same in dif fer ent dose in ter vals. For in -
stance, all of the curves have ac cept able re sponse to be

used as cal i bra tion curve at the dose lower than about
20 kGy. It means that the sat u ra tion oc curs near the
same dose for all the sam ples. On the other hand, the
curve as so ci ated with the HAP sam ples im planted for
24 minutes with CO2

+  ions, shows a very high EPR re -
sponse in com par i son to the oth ers. This phe nom e non
could be as so ci ated with the dif fer ences in per cent age
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Ta ble 1. Av er age par ti cle sizes of the HAP sam ples
 bom barded in dif fer ent times

Bombardment time
[min]

Average particle size
[nm]

Standard
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

Fig ure 3. TEM pro vided microstructure of HAP sam ples: (a) be fore im plan ta tion and (b) af ter 24 min im plan ta tion

Fig ure 4. EPR sig nal in ten sity vari a tions of HAP sam ples 
against the CO2

+ ions im plan ta tion time

Fig ure 5. EPR re sponse of HAP sam ples im planted with 
CO2

+ ions in dif fer ent bom bard ment times



of car bon con tents, par ti cle sizes and the mor phol ogy
of the sam ples. The car bon ated im pu ri ties are in cor po -
rated into, or at tached to the sur face of HAP crys tal
dur ing for ma tion, and are con verted to rad i cals
through ab sorp tion of ion iz ing ra di a tion. The con tri -
bu tion of the ra di a tion in duced rad i cals is mostly due
to the at tached car bon ated im pu ri ties on the sur face of
HAP crys tals. Thus, in creas ing the car bon ate ion im -
plan ta tion time and de creas ing the HAP par ti cle size,
causes the in crease of the free rad i cal pop u la tion and
EPR re sponse, con se quently [16-18].

CON CLU SIONS

The XRD and FTIR anal y sis in di cate that car -
bon ate ions have en tered into the struc ture of HAP and
car bon ap a tite was formed us ing the ion im plan ta tion
method. The ob tained re sults from the XRD and TEM
anal y ses dem on strate that the av er age grain size de -
creases as the ion im plan ta tion time in creases. The
EPR re sponse of the HAP sam ples im planted by car -
bon ate ions in 24 minutes shows the higher in ten sity in 
com par i son to the other sam ples. At a fi nal con clu sion, 
the ion im plan ta tion tech nique is the phys i cal method
to im prove the EPR sig nal in ten sity of the HAP sam -
ples due to the in creas ing the car bon ate rad i cals at -
tached to the crys tal sur face and de creas ing the par ti -
cle size.

AU THOR CON TRI BU TIONS

The re search idea and the the o ret i cal anal y sis
were car ried out by F. Ziaie, and the ex per i ments were
car ried out by B. Baghalzadeh and F. Dowlatshah. The
ion beam im plan ta tion pro cess was car ried out un der
su per vi sion of M. M. Larijani. The manu script was
writ ten by F. Ziaie, and the fig ures were pre pared by F.
Ziaie.
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EPR  ODZIV  NA  GAMA  OZRA^IVAWE  HIDROKSIAPATITA
IMPLANTIRANOG  JONIMA  KARBONATA

U ovom radu prou~avani su uzorci sinteti~ke nanostrukture hidroksiapatita, koji su
kori{}ewem ure|aja za jonsku implantaciju dopirani jonima karbonata energija 80 keV, tokom
vremenskih intervala od 4, 8, 16 i 24 minuta. Svi uzorci ozra~eni su izvorom gama zra~ewa 60Co do
nivoa apsorbovanih doza od 5, 10, 20 i 50 kGy, i potom podvrgnuti EPR merewima. Ja~ine EPR
signala, predstavqene kao funkcija doze zra~ewa i upore|ene sa rezultatima procesa bez
implantacije, prou~avane su sa dozimetrijskog stanovi{ta. Rezultati pokazuju zna~ajan porast
ja~ine signala kod uzoraka koji su implantirani 24 minuta.

Kqu~ne re~i: EPR spektrometar, hidroksiapatit, gama zra~ewe, dopirawe ugqenikom,
                          jonska implantacija


