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Abstract. Laser radiation at1.06µm from a pulsedNd:YAG
laser was focused onto a multielementYBa2Cu3O7 target in
vacuum and the plasma thus generated was studied using
time-resolved spectroscopic techniques. Line broadening of
theBa I emission line at553.5 nmwas monitored as a func-
tion of time elapsed after the incidence of a laser pulse on the
target. Measured line profiles of barium species were used to
infer the electron density and temperature, and the time evo-
lution of these important plasma parameters has been worked
out.

PACS: 52.50Jm; 52.70 kz

Pulsed laser ablation has become a very successful method for
the deposition of high-quality superconductingYBa2Cu3O7
thin films [1–4]. Because of this and other technological ap-
plications, considerable efforts have been made to understand
the dynamics of the laser-ablated material. The ablation pro-
cess is accompanied by formation of a bright plasma plume
expanding from the target. The laser-induced plasma is char-
acterized by plasma temperature, density, particle expansion
velocities, particle charge states and internal fields due to
charge separation during plasma expansion.

Optical methods are the most suitable for performing
the deposition process control. However, the solution of
the processing control problems depends on understanding
the basic physics and chemistry associated with laser–target
and particle–particle interaction occurring within the laser-
induced plasma plume. The emission spectra obtained from
a multicomponentYBa2Cu3O7 target show numerous emis-
sion lines and bands corresponding to neutral particles, ions
and diatomic molecules. The dynamics of the laser-ablated
YBa2Cu3O7 plume has been studied by various techniques
such as optical emission spectroscopy [5–9], streak pho-
tography [10, 11], optical absorption spectroscopy [12–14],
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optical time-of-flight measurements in the nanosecond time-
scale range [15–19], interferometry [20], and laser-induced
fluorescence [21]. However, most of them have been aimed
at identification of ablated species and on the evaluation of
their velocity distributions. In our previous experiment it was
found that the temporal distributions of various ionic, atomic
and molecular species were strongly influenced by the spa-
tial position of the plume from the target and the laser fluence
used [15].

Besides the identification of the different species gener-
ated, most of the time-resolved measurements have focused
on dynamics of ejected species from the surface. In the pub-
lished studies, however, little attention has been paid to the
fundamental parameters of the plasma such as electron tem-
perature(Te), electron density(ne), and their evolution after
the initiation of the laser plasma. Several diagnostic tech-
niques are employed in the determination ofne and Te, in-
cluding Thomson scattering [22], emission spectroscopy [23–
25], Langmuir probe [26, 27], and interferometry [20, 28]. In
this paper we describe the temporal behaviour of the differ-
ent aspects of the emission spectra of laser-generated plasma
from YBa2Cu3O7. Also, the temporal dependence of the two
vital parameters, electron temperature and electron density, is
deduced. The Stark-broadening method is used for the deter-
mination of electron density, and the ratio of line intensities
of the successive ionization states is used to elucidate the
electron temperature. Using gated-integration techniques we
report here the time variation of Stark broadening which di-
rectly gives the evolution of the internal electric field within
the plasma.

1 Experimental

Details of the basic experimental arrangements are given
elsewhere [29, 30]. The plasma was generated by abla-
tion of a high-purity sample of superconducting compound
YBa2Cu3O7 using pulses of wavelength1.06µm from a Q-
switchedNd:YAG laser with repetition rate10 Hzand pulse
width 9 ns. The target, in the form of a disc (20 mmdiameter
and 3 mm thickness), was placed in an evacuated chamber
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provided with optical windows for laser irradiation and spec-
troscopic observation of the plasma produced from the target.
During these studies the pressure inside the vacuum cham-
ber is kept at∼ 10−2 pascal. The target was rotated about an
axis parallel to the laser beam to avoid nonuniform pitting of
the target surface. The bright plasma emission was viewed
through a side window at right angles to the plasma expan-
sion direction. A section of the plasma was focused onto the
slit of a 1 meter Spex monochromator (model 1704, grat-
ing with 1200 grooves per mm blazed at500 nm, maximum
resolution0.015 nm) using appropriate collimating and fo-
cusing lenses so as to have one-to-one correspondence with
the sampled area of the plasma and the image. The record-
ing was done by using a thermoelectrically cooled Thorn EMI
Photo Multiplier Tube (PMT), which was coupled to a “box-
car” averager/gated integrator (Standford Research Systems,
SRS 250). The averaged output from the boxcar was fed to
a chart recorder, which for the present study averaged out the
intensities from 10 pulses. For Stark-broadening studies, the
resolution of the monochromator was kept at its maximum
by keeping the slit widths at minimum possible values for
acceptable signal-to-noise ratios.

2 Results and discussion

2.1 Time-resolved emission spectra

To understand the detailed aspects of laser-beam interaction
with the target material and recombination processes follow-
ing the laser ablation, time-resolved studies of the emission
spectra from the plasma offer the most convenient approach.
The noninvasive nature of detection suggests that using the
emission as a signal source for process monitoring in laser
ablation would be ideally suited for designing an automated
laser-ablation, superconducting thin-film deposition appara-
tus. The well defined highly luminous plasma plume was
observed duringNd:YAG laser ablation ofYBa2Cu3O7 and
we note that the plume extended normal to the target surface
up to a distance∼ 3 cm. Time-resolved spectra were recorded
by setting the gate width of the boxcar averager to10 ns
and choosing a section1 mm away from the target. Typical
spectra, as recorded under different regimes of the plasma
expansion, are shown in Figs. 1 and 2. Each spectrum cor-
responds to the average accumulated data over 10 laser shots
and it corresponds to a distance of1 mm from the target sur-
face. Prominent emission lines observed, together with corre-
sponding literature values and assignments are also shown.

The laser ablation process can be classified into three
regimes: evaporation of the target material, interaction of the
evaporated cloud with incident laser beam resulting in cloud
heating and plasma formation, and expansion and rapid cool-
ing of the plasma [31]. During the initial stages(< 100 ns),
the continuum emission dominates over line emission. As
time evolves, the line-to-continuum ratio increases. The con-
tinuum radiation, or bremsstrahlung, occurs when a free elec-
tron collides with another particle and makes a transition to
another free state of low energy, with the emission of a pho-
ton. Electron–electron collisions do not produce radiation ex-
cept at relativistic velocities [32, 33]. In a plasma which is
sufficiently hot, most of the atoms are stripped of all their
orbital electrons and hence electron–ion recombination and

bremsstrahlung are the dominant emission mechanisms. The
situation occurs typically at electron temperatures of a few
eV. In general, the main sources of continuum emission are
bremsstrahlung radiation and radiative recombination [34].

Beyond100 ns, the line-to-continuum ratio increases and
finally the spectrum consists of mainly ionic and atomic lines.
At shorter time delays, ionic species are predominant, but
for time delays exceeding500 ns, molecular species are also
observed along with ionic and atomic species. From these
studies, it is presumed that the electronically excited states
are not produced immediately after laser irradiation. Gener-
ally, the densities of the particles in a laser-produced plasma
with similar fluence are in the range of1017 cm−3 and these
densities are sufficient to justify the assumption of occurrence
of collisional processes among the particles in the plasma.
As the velocity of the particles in the expanding plume has
been found to be high (∼ 5×105 cm s−1, which corresponds
to 13 eV) [15, 35], the collision between particles which have
high kinetic energy may lead to electronic excitation of the
component atoms, ions or molecules. It is also noted that the
plasma emission lasts for more than100µs (Figs. 1b and 2b).

Although, at least qualitatively, the results confirm the
presence of strong emission lines fromY I, Y II, Ba I, Ba II,
Cu I andYO (A→ X) in the plasma, features corresponding
to Cu II, BaO andCuO, may be present, but are very weak.
Since these spectra were recorded very close to the target sur-
face (1 mm), it is understandable that the emission intensities
due to oxide species are very weak, since they are expected
to be formed only by recombination processes [15]. The rela-
tively weak intensity observed for theCu II emission lines is
due to the higher ionization potential of aCu atom (7.726 eV)
compared toBa (5.211 eV) andY (6.378 eV) [36]. Since the
ionization potentials of these lines are much greater than the
excitation energy of the laser photons (1.16 eV), the mechan-
ism of ionization is possibly due to a multiphoton process.

2.2 Electron density measurements

The usual method for determination of electron density is the
measuring of the broadening of a suitable emission line of
the laser-plasma spectrum. Stark broadening is the dominant
broadening mechanism in laser-produced plasmas. In such
a case the electron density can be deduced from the full width
at half maximum (FWHM) of a line.

The full width at half maximum,∆λ1/2, of a Stark-
broadened line without ionic contribution is given by the sim-
ple relation [23]

∆λ1/2= 2W
( ne

1016

)
Å , (1)

whereW is the electron-impact parameter which can be in-
corporated for different temperatures [23].

We have selected the line-broadened profile of the atomic
Ba at 553.5 nm (6p1P0

1 − 6s1S0) for the electron-density
measurements. There are three types of mechanisms that can
broaden an emission line: resonance broadening, Doppler
broadening, and Stark broadening. The effect of resonance
broadening is proportional to the ground state number density
and the transition oscillator strength. Since the reported value
for resonance broadening forBa I at 553.5 nm is relatively
small [37], the contribution due to this type of broadening can
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Fig. 1a,b. Plasma emission spec-
tra in the wavelength rangeλλ
350–525 nm at different time de-
lays (a)100 ns, (b) 500 ns, (c) 5µs,
(d) 30µs, (e) 50µs, and (f)100µs.
The spectra are charted at a dis-
tance 1 mm away from the target
surface and at a laser fluence of
360 J cm−2

be neglected. Doppler broadening, which is due to different
Doppler shifts (i.e.∆λ= λvz/c) experienced by the species
in different regions of the plume having different velocity
componentsvz, can also be ruled out in our experimental

conditions, since the expansion velocities of theBa atoms
are∼ 5×105 cm s−1 [35] which contribute a broadening fac-
tor∼ 0.1 Å. Under these conditions Stark broadening, due to
collisions with plasma electrons, is the dominant broadening
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Fig. 2a,b.Time-resolvedYBa2Cu3O7
plasma emission spectra in the wave-
length rangeλλ 525–700 nm. The
spectra are charted at a distance1 mm
away from the target surface and at
a laser fluence of360 J cm−2. Time
delays (a)200 ns, (b) 500 ns, (c) 5µs,
(d) 30µs, (e) 50µs and (f) 100µs

process. The electron impact parameter(W) values for the
Ba I 553.5 nmtransition are not available in the literature, but
values are available for the corresponding nsnp1P0

1→ ns21S0
transitions of the elementsMg, Be andCa from the same pe-
riodic group [38]. The latter values increase approximately
linearly with n2 and this dependence was extrapolated to
yield a W value of∼ 1.6×10−2 Å for Ba I 553.5 nm transi-
tion at a temperature of10 000 K. SinceW values are weak
functions of temperature and vary by a factor of less than 2
over the temperature range10 000–80 000 K, the determin-
ation of electron density deduced using thisW value should
be reliable.

A typical Stark-broadened profile ofBa I at the553.5 nm
line with a theoretically fitted Lorentzian curve is given in
Fig. 3. We have measured electron density variation using the
Stark-broadening method as functions of distance of separa-
tion from the target, time after the elapse of the laser pulse,
and laser fluence. The variation of electron density as a func-
tion of distancez shows az−1 dependence [39] which is in
good agreement with the adiabatic expansion model predicted

by Singh and Narayan [40]. It is also noted that the values
of electron densities are essentially constant at higher laser
fluences [39]. The saturation in electron density at higher flu-
ences is presumably due to plasma shielding. The absorbing
plasma generated by the leading edge of the laser pulse pre-
vents light from reaching the surface. The prominant mechan-
ism responsible for plasma absorption at these fluence levels
is inverse bremsstrahlung [25].

The temporal evolution of electron density deduced from
Stark broadening of theBa I 553.5 nm transition is shown in
Fig. 4. These measurements were made at a distance3 mm
from the target surface and at a laser fluence of378 J cm−2

(power density42 GW cm−2). For these studies the gate width
of the boxcar was set at10 ns. Because the spectral line emis-
sion is masked by the continuum emission, the electron dens-
ity for time< 200 nscould not be measured by this method.
Nevertheless, we can still characterize the temporal evolution
of ne, which diminishes rapidly with time up to500 nsand
then levels off. The fast decay rate can be attributed to plasma
propagation while the slowing and leveling off at larger times
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Fig. 3. Typical Stark-broadened profile ofBa I transition at553.5 nm. The
FWHM of this line is used to infer electron density. Thedotted linein the
figure represents the fitted Lorentzian curve

Fig. 4. Time evolution of electron density at3 mm from the target surface.
Laser fluence used is378 J cm−2

are probably due to recombination. It may also be noted that
electron density shows at−2 dependence on time which is in
accordance with adiabatic expansion model.

2.3 Electron temperature measurements

Electron temperature was determined from the relative inten-
sities of neutral and ionized barium spectral lines. We have
used spectral lines of successive ionization states since in this
case the energy difference between the upper levels of the
lines is increased by the ionization energy of the lower ioniza-
tion state [23, 26]. Electron temperature measurements were
made using the equation

I ′

I
=
[

f ′g′λ3

fgλ′3

] [
4π3/2a3

0ne
]−1

[
kTe

EH

]3/2

e−(∆E/kT) , (2)

where∆E = (E′ − E+ E∞−∆E∞), the primed quantities
represent relevant data for the spectral line emitted by the
species with higher ionization state,EH is the ionization en-
ergy of the hydrogen atom (13.6 eV), E∞ is the ionization
energy of the atom or ion in the lower ionization state, and
∆E∞ is the correction factor of the energy due to plasma in-
teraction which is given by

∆E∞ = 3z
e2

4πε0

[
4πne

3

]1/3

, (3)

wherez= 2 for singly ionized species [23].
For temperature calculations, we make use of recorded in-

tensities for theBa II 614 nmand649.8 nm lines and theBa
I, 577.7 nm and553.5 nm lines. Details of the spectroscopic
constants of these lines were taken from [23]. The electron
temperature measurements were carried out as functions of
distance from the target surface, time after the initiation of
the plasma, and incident laser fluence. The electron tempera-
ture follows az−0.8 dependence on distance from the target
surface [39]. With increase in laser fluence, the electron tem-
perature is found to increase up to a specific value, beyond
which it saturates. The saturation in electron temperature at
higher fluences is again due to the absorption of the laser
beam by the plasma medium [39].

The electron temperature calculations were made at dif-
ferent instants during the plasma evolution by keeping the
gate width of the boxcar averager at10 nsbut by varying the
delays. At shorter time delays, continuum emission occurs
and line intensity detection is rather difficult. The continuum
stems from the elastic collision of electrons with ions. The
intensity of the continuum decreases with increasing delay
time. The calculated plasma temperature and its variation as
a function of time after the initiation of the plasma are shown
in Fig. 5. In the early stage of plasma evolution, the electron
temperature is very high and changes very rapidly. However
at times≥ 1µs, the plasma is found to be at much lower
temperatures and thereafter the temperature continues to re-
main fairly stable, around0.6–0.7 eV for a long period. The
electron temperature follows at−2 dependence on time dur-

Fig. 5. The variation of electron temperature with time. These spectra were
recorded3 mm from the target surface and at a laser fluence of315 J cm−2
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ing the initial periods up to∼ 1µs which is in accordance
with the theoretical adiabatic expansion model by Rumbsy
and Paul [41].

Since we have assumed that the plasma is in local ther-
modynamic equilibrium (LTE) for our analysis of electron
temperature, it is worthwhile checking the minimum density
condition for LTE, [42]:

ne≥ 1.4×1014T1/2
e (∆E)3cm−3 (4)

For the transition with the largest gap (553.5 nm), ∆E =
2.24 eV and the highest temperature2.5 eV; the lower limit
for ne is 2.5×1015 cm−3. Our observed values ofne are al-
ways greater than this limit implying that the LTE approxima-
tion assumed for our analysis is valid.

3 Conclusions

The present work has identified the major luminescent
species in the plume ofNd:YAG laser-ablatedYBa2Cu3O7
as neutral and ionized atoms along with diatomic molecules.
We have estimated the electron temperature of the plasma by
spectroscopic means. Line intensities of the successive ion-
ization states were used for the determination of the electron
temperature and the Stark-broadened profile of theBa I tran-
sition at553.5 nmwas used for the measurement of electron
density. Both the electron temperature and the electron dens-
ity show at−2 type dependence on the time elapsed after the
laser pulse.
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