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Evidence of chemical reactions in the hydroxyapatite laser ablation plume
with a water atmosphere

P. Serraa) and J. L. Morenza
Universitat de Barcelona, Departament de Fı´sica Aplicada i Optica, Avda. Diagonal 647,
E-08028 Barcelona, Spain

~Received 11 August 1998; accepted for publication 18 December 1998!

The expansion dynamics of the ablation plume generated by KrF laser irradiation of hydroxyapatite
targets in a 0.1 mbar water atmosphere has been studied by fast intensified charge coupled device
imaging with the aid of optical bandpass filters. The aim of the filters is to isolate the emission of
a single species, which allows separate analysis of its expansion. Images obtained without a filter
revealed two emissive components in the plume, which expand at different velocities for delay times
of up to 1.1ms. The dynamics of the first component is similar to that of a spherical shock wave,
whereas the second component, smaller than the first, expands at constant velocity. Images obtained
through a 520 nm filter show that the luminous intensity distribution and evolution of emissive
atomic calcium is almost identical to those of the first component of the total emission and that there
is no contribution from this species to the emission from the second component of the plume. The
analysis through a 780 nm filter reveals that atomic oxygen partially diffuses into the water
atmosphere and that there is a contribution from this species to the emission from the second
component. The last species studied here, calcium oxide, was analyzed by means of a 600 nm filter.
The images revealed an intensity pattern more complex than those from the atomic species. Calcium
oxide also contributes to the emission from the second component. Finally, all the experiments were
repeated in a Ne atmosphere. Comparison of the images revealed chemical reactions between the
first component of the plume and the water atmosphere. ©1999 American Institute of Physics.
@S0021-8979~99!06906-6#
se
th

at
r
s
0

ed
p
th
wa

T

er
t

te
ic
a
th
e

th
er

the
ter
ver
the
ac-

sil

r to
m

eri-
ated
f 5
.
hot

d
d
The
ch
d-

be-
I. INTRODUCTION

Hydroxyapatite~HA! thin films are suitable bioactive
coatings for Ti implants in medical applications. Pulsed la
ablation is an appropriate deposition technique due to
complex stoichiometry of HA. Results as obtained indic
that an atmosphere containing water is needed in orde
grow films with good properties,1–7 and although several ga
mixtures have been tested, we have demonstrated that 1
water is suitable.6 This motivated us to undertake a detail
study of HA laser ablation process in order to obtain dee
knowledge of the phenomena involved and to optimize
deposition conditions. Therefore, a complete analysis
developed under high vacuum conditions8–11 in order to
characterize the process in the plainest environment.
study was then extended to a water atmosphere8,12 in similar
conditions to those normally used in the deposition exp
ments. In all cases the analyses were carried out through
characterization of the light emitted by the laser genera
plume by means of fast intensified charge coupled dev
~CCD! imaging and optical emission spectroscopy. These
lowed us to describe the dynamics and composition of
plume in vacuum and in a water atmosphere. In the form
case, the distribution of the emissive species along
plasma was also analyzed with the aid of interferential filt
in the collection of the images with the CCD camera.9–11
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Here we use interferential bandpass filters to analyze
distribution of emissive species along the plume in a wa
atmosphere. The scope of this study is not only to disco
the different dynamic behavior of the diverse species in
plume, but also to investigate the presence of chemical re
tions with the water atmosphere.

II. EXPERIMENT

A KrF excimer laser beam~Lambda Physik LPX 205i,
248 nm wavelength, 30 ns pulse duration! was focused at an
incident angle of 45° through a 500 mm focal length Supra
lens onto a HA target, leading to a fluence of 2.6 J/cm2. The
laser beam was partially intercepted by a mask in orde
improve the uniformity of the laser spot, which was 0.8 m
high and 3.1 mm wide. The target was a 1.7 g/cm3 pellet
made from HA powder pressed at 200 MPa. The exp
ments were carried out in a high vacuum chamber evacu
first by a turbomolecular pump to a base pressure o
31025 mbar and then filled with water vapor at 0.1 mbar

Images of the ablation plume were taken in single-s
mode with a gated CCD camera~ANIMATER-VI from ARP
France! 2883385 pixels, 8 bits dynamic range, intensifie
by a microchannel plate~MCP!, whose aperture was delaye
by a pulse generator that also triggered the laser shot.
variable MCP gain was set just short of saturation for ea
image, which gave the maximum intensity resolution. In a
dition, three bandpass filters~10 nm full width at half maxi-
mum! centered at 520, 600, and 780 nm were placed
9 © 1999 American Institute of Physics
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FIG. 1. Series of images obtained from the plume generated by KrF laser ablation of a HA target in a water atmosphere for several delay times cor
to: ~a! total emission,~b! emission from neutral Ca~520 nm!, ~c! emission from neutral O~777 nm!, and~d! emission from calcium oxide~600 nm!. The MCP
voltage is different for each image and in the gray scale, the darker levels correspond to the lower levels of intensity and the brighter ones to the h
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tween the CCD and the imaging optics of the camera in or
to acquire images of the evolution of single emissive spe
in the plume and, thus, to map their distribution along
plasma.

III. RESULTS AND DISCUSSION

Images of the expansion of the HA ablation plume ge
erated by KrF laser irradiation under a 0.1 mbar water atm
sphere for delay times after the laser pulse up to 1.1ms are
shown in Fig. 1~a!. They show two emissive componen
reported in detail elsewhere.8,12 The first has a hemispherica
expansion front and corresponds to the development o
shock wave due to the confinement of some of the abla
species in the plume leading edge by the background at
sphere. The second, almost indistinguishable, appears
small tenuous spot close to the target surface which is
lieved to arise from backscattering of a fraction of the s
cies in the plume.13 The position versus time of the expa
sion front of the first component in the plume, assumed
10% of the intensity maximum,8 is shown in Fig. 2~a!. A
potential expressionR5Ata has been chosen to fit the e
perimental points, whereR is the position of the leading
edge,t is the time, andA anda are the parameters of the fi
The parameters of the fit wereA51.3 cm/msa and a50.6.
Although the dynamics of a spherical shock wave is
scribed by a potential expression like the former one w
a50.4,14 the fit carried out here does not correspond to s
behavior since it corresponds to several experimental po
prior to the whole development of the shock structure. T
position of the leading edge of the second component of
plume versus time is also shown in Fig. 2~a!. The experimen-
tal points are well aligned, which means that the expans
took place at constant velocity. This was calculated from
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plot and found to be 2.43103 m/s, a result very similar to the
2.93103 m/s that corresponds to the case of ablation
vacuum under identical conditions.11

Images recorded through the 520 nm filter are shown
Fig. 1~b!. This filter intercepts the emission line at 519 nm
neutral calcium10–12 and the images as obtained reveal t
spatial distribution of the excited state of this emissive s

FIG. 2. Plots of the position vs time of the leading edge of the first~1! and
second component~3! corresponding to:~a! total emission,~b! emission
from neutral Ca~520 nm!, ~c! emission from neutral O~777 nm!, and ~d!
emission from calcium oxide~600 nm!.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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cies along the plume. The intensity pattern is almost
same as in Fig. 1~a!, corresponding to the total emissio
excepting emission from the second component of
plume, absent in Fig. 1~b!, as observed under vacuum.9–11

The position of the leading edge of the emission pattern
Ca versus time is shown in Fig. 2~b!. The parameters of the
fit were found to beA51.2 anda50.6, values very close to
the ones corresponding to the total emission of the plu
Therefore, calcium neutrals remain confined by the ba
ground atmosphere in the shock front of the plume.

Images obtained with the aid of a 780 nm filter a
shown in Fig. 1~c!. They correspond to emission from ne
tral oxygen since they intercept the triplet at 777 nm. Th
images present several important differences with respe
the ones from Ca. The intensity maximum does not appea
close to the leading edge of the first component as it did
the case of Ca. This reveals that the confinement of oxy
by the background atmosphere is weaker than in the pre
ing case. If the series in Figs. 1~b! and 1~c! are compared, the
coincidence in the position of the maxima of Ca and O p
terns can be noticed. This means that the confinement of
species holds in the same area, but oxygen diffuses bey
that front, inside the water atmosphere, and calcium d
not. It can be easily understood since an oxygen atom
considerably lighter and smaller than a calcium one, wh
enhances a higher level of diffusion of the first one inside
vapor. Furthermore, there is emission from neutral oxyge
the area close to the target surface, in the second compo
of the plume, in contrast to what happened with Ca and
the same way as in vacuum.11 Images of O look darker than
those of Ca and they are full of ‘‘dark spots.’’ This is due
the low intensity of the triplet at 777 nm.11 The dynamics of
the expansion of the emission pattern of O has been anal
from the plots of the position of the leading edge versus ti
@Fig. 2~c!#. The experimental points are quite well aligne
for delay times before 700 ns. In this case, a straight line
better fit than a potential expression. The fit results in a
locity of expansion for the leading edge of 2.03104 m/s.
Under the same fluence conditions in vacuum, the velocit
the O pattern was 1.83104 m/s.11 This indicates that a por
tion of the oxygen component diffuses inside the vapor w
out interacting with it. In the second component of t
plume, the signal-to-noise ratio is too low to determine
position of the expansion front of the oxygen close to
target surface and, thus, to analyze its dynamics.

Images recorded through a 600 nm bandpass filter
shown in Fig. 1~d!. This filter intercepts a 10-nm-wide por
tion of the second emission band of the orange system
calcium oxide (CaxOy).

10–12 The analysis of this species
especially interesting since the recorded spectra have
vealed that the intensity of emission from the orange sys
is much higher in a water atmosphere12 than in vacuum.11 A
spherical front develops after 400 ns but it does not co
spond to an intensity maximum, that is, to a shock wave.
any time, the maximum remains close to the target, in
second component of the plume, in contrast to what h
pened with calcium and oxygen@Figs. 1~b! and 1~c!#. After
600–700 ns the intensity distribution changes and some l
maxima appear along the plume surface~light areas in the
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images!. They become very intense after 1ms and finally
develop a shock front with the intensity maximum in th
leading edge for delay times of about 1.2ms. Therefore, it
seems that the strong emission in the front does not a
from the confinement of calcium oxide in this region b
interaction with the background atmosphere, as sugge
previously,12 since such collisional confinement appears e
lier in Ca images. So, the hypothesis of chemical reaction
the plume front12 seems to be more probable, but only mo
accurate analysis can confirm this. Regarding the analys
the dynamics of the emissive calcium oxide, plots of t
position versus time of the leading edge of the emission p
tern corresponding to CaxOy are shown in Fig. 2~d!. The
result of the potential fitting isA51.2 cm/msa and a50.6,
identical to the case of Ca. The fitting corresponds to all
experimental points but the shock wave did not develop u
about 1.2ms, a longer delay than that corresponding to C
Therefore, although the behavior of each species is differ
their dynamics are the same. This suggests that calcium
ide radicals arise directly from calcium atoms, possib
through synthesis and, thus, they follow the same expan
dynamics as the precursor species. Similar processes lea
to the formation of molecular radicals in the ablation plum
have been described for other materials.15,16 Finally, the ex-
pansion of the CaxOy component close to the target surfa
was also studied. From the plots in Fig. 2~d!, it appears that
the expansion takes place at a constant velocity of
3103 m/s, similar to that of the second component of t
plume. Therefore, the dynamics and composition of the s
ond component in the plume is the same in vacuum and
background atmosphere.11 This behavior could be under
stood in terms of a shielding effect: Species in the sec
component would not interact with the background gas si
they would be shielded from the water atmosphere by s
cies in the first one.

In order to establish whether the reaction in the plu
leading to CaxOy involve the atmosphere, ablation expe
ments were repeated under 0.1 mbar Ne. The atomic ma
Ne is very close to the molecular mass of water, wh
would result in the same mechanical effects in the devel
ment of the shock front, but it is a nonreactive gas. Ima
recorded without and through the available filters at a
mbar Ne atmosphere have been depicted in Fig. 3. Pict
corresponding to the total emission of the plume and to
Ca and O emission@Figs. 1~a!–1~c!# are similar to those
obtained in water vapor. Only some differences in the sh
and intensity hold and thus, it can be inferred that the m
chanical effect of Ne on the plume expansion is similar
that of water. On the other hand, images corresponding
CaxOy emission are different. The complex behavior in t
first plume component observed in water vapor is not rep
duced in the Ne atmosphere. In this case, only a very
contribution to intensity in the first component is present
delay times shorter than 800 ns. Otherwise, the contribu
to the second plume component of that species remains
changed with respect to the case of a water atmosph
Therefore, considering that the confinement effect has b
found to be the same in water vapor and Ne, it is evident t
the chemical reactions assumed before take place betw
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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FIG. 3. Series of images obtained from the plume generated by KrF laser ablation of a HA target in a Ne atmosphere for several delay times cor
to: ~a! total emission,~b! emission from neutral Ca~520 nm!, ~c! emission from neutral O~777 nm!, and~d! emission from calcium oxide~600 nm!. The MCP
voltage is different for each image and in the gray scale, the darker levels correspond to the lower levels of intensity and the brighter ones to the h
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the species in the plume and the water atmosphere, leadi
the formation of excited calcium oxide in the first plum
component. The next step in this analysis would be
dressed to clarify the role and importance of these molec
radicals in the thin film synthesis and only further and mo
complex experiments could give a definitive answer to th
questions.

IV. CONCLUSION

The expansion dynamics of the HA laser ablation plu
in a 0.1 mbar water atmosphere has been analyzed by m
of fast intensified CCD imaging. The presence of two em
sive components has been identified for delay times up to
ms. It has been found that the first component develop
shock wave due to the confinement of the species in
leading edge of the plume, whereas the dynamics of the
ond component has been found to be the same as under
vacuum conditions.

The dynamics and distribution along the plume of so
emissive single species~neutral calcium, neutral oxygen, an
calcium oxide radicals! has been studied by the same tec
nique with the aid of bandpass interferometric filters. T
study has revealed a strong confinement of calcium atom
the front, leading to the formation of the shock wave, and
absence of these atoms as emissive species in the se
component of the plume.

Regarding the oxygen population, there are import
contributions to emission in both components of the plum
It has been found that oxygen atoms in the first compon
are partially confined in the front, like calcium atoms, but t
confinement is not so strong as in the preceding case
marked diffusion of neutral oxygen is detected. The diff
ences in the degree of confinement between calcium
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oxygen have been attributed to differences in size and m
of their atoms. The low signal-to-noise ratio prevented ana
sis of contribution to the second component of the plume

Emission from calcium oxide radicals has been iden
fied in both components of the plume. The intensity patt
corresponding to the contribution to the first component
been found to follow a complex evolution in time. The d
tailed analysis of its dynamics has revealed chemical re
tions in that region leading to the formation of those molec
lar species and their further confinement in the shock fro
Once more, the contribution to the second component
been found to be the same as in the vacuum case, sugge
shielding in the motion of the second component due to
first one.

Finally, the comparison of HA ablation in a water atm
sphere with ablation in a Ne atmosphere has revealed tha
processes leading to the formation of calcium oxide radic
arise from chemical reactions between the first componen
the plume and the background water atmosphere and
among the species confined in the high density shock fro
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