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Abstract 

The laser produced plasma from the multi-component target YBa2Cu307 was analyzed using Michelson interferometry and 
time resolved emission spectroscopy. The interaction of 10 ns pulses of 1.06 #m radiation from a Q-switched Nd:YAG laser at 
laser power densities ranging from 0.55 GW cm 2 to 1.5 GW cm 2 has been studied. Time resolved spectral measurements of 
the plasma evolution show distinct features at different points in its temporal history. For a time duration of less than 55 ns after 
the laser pulse (for a typical laser power density of 0.8 GW cm-2), the emission spectrum is dominated by black-body radiation. 
During cooling after 55 ns the spectral emission consists mainly of neutral and ionic species. Line averaged electron densities 
were deduced from interferometric line intensity measurements at various laser power densities. Plasma electron densities are 
of the order of 10 ~7 cm-3 and the plasma temperature at the core region is about 1 eV. The measurement of plasma emission line 
intensities of various ions inside the plasma gave evidence of multiphoton ionization of the elements constituting the target at 
low laser power densities. At higher laser power densities the ionization mechanism is collision dominated. For elements such 
as nitrogen present outside the target, ionization is due to collisions only. © 1997 Elsevier Science B.V. 
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1. Introduct ion 

With the advent of  high power pulsed lasers, the 
study of the interaction of  light with matter has 
assumed a new dimension in the past three decades. 
The evaporation of  a solid target by an intense laser 
pulse and the subsequent plasma formation has 
evoked much attention in both the basic and the 
applied research fields. Pulsed laser evaporation is a 
very effective and efficient method for the deposition 

of  high quality thin films of  semiconductors [ 1 ] and 
superconductors [2-7] .  Also, the highly luminous 
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plasma produced during and after laser - target  inter- 
action is a very rich source of  ionic, atomic and mole- 
cular species and also of  clusters of atoms [8-12] .  

Considerable efforts are being made worldwide in 
plasma diagnostics and in studying the dynamics of 
laser- target  interactions [13-22].  Among the various 
plasma parameters, the plasma temperature and the 
plasma electron and ion densities are the main quan- 
tities that determine the plasma characteristics. There 
are various methods for obtaining these quantities, 
including laser interferometry [23], emission spectro- 

scopy [24], Thomson scattering [25], laser induced 
fluorescence [26] etc. The evolution of  these quanti- 
ties with respect to the laser power density, the 
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ambient pressure and the time can be used to charac- 
terize the various electronic and photonic processes 
taking place inside the plasma [27,28]. Nanosecond 
laser pulses which produces power densities up to 103 
GW cm -2 interact in a distinctly different way com- 
pared with picosecond pulses, for which the power 
density ranges from l 0  3 to  10 7 G W  c m  -2. In the 
intense field of a picosecond laser pulse, various 
processes such as tunnel ionization [27] and the rela- 
tivistic skin effect [29] etc. appear in addition to 
multiphoton ionization and collision induced ioniza- 
tion, whereas in the nanosecond regime the ionization 
inside the plasma is limited mainly to the two latter 
effects. 

The present paper deals with studies on the inter- 
action of a pulsed laser beam with the multi-compo- 
nent high Tc superconducting material YBa2Cu307 in 
air at atmospheric pressure and at laser power densi- 
ties ranging from 0.5 to 1.5 GW cm -2, using Michel- 
son interferometry and emission spectroscopy. In 
Section 2 we describe the experimental setup, and 
the results obtained are discussed in Section 3. 

2. Experimental details 

The experimental setup for electron density mea- 
surements using interferometry is as shown in Fig. 1. 
The sample chosen for our studies is a disc (1.75 cm 
diameter, 0.5 cm thickness) of YBa2Cu307 (YBCO). 

An intensity stabilized 4 mW He-Ne laser (Spectra 
Physics, Model No. 102-4) is used as the light source 
for the Michelson interferometer. The beam in one of 
the arms of the Michelson interferometer grazes the 
sample surface. The shift in the fringe pattern is 
measured as a voltage change using a fast PIN 
photo diode (HP-4207, rise time 1 ns, quantum effi- 
ciency 0.71 electrons per photon, noise equivalent 
power < - 108 dBm) and displayed on a 200 MHz 
digital storage oscilloscope (Iwatsu, Model DS 8621). 
All the measurements were made in a single pulse 
protocol in order to avoid the residual heating effect 
from the previous pulse. After a few measurements 
the target is rotated manually so that a fresh surface is 
available for ablation. High power laser radiation 
from a pulsed Nd:YAG laser (Quanta ray DCR 11, 
30 MW peak power) at a wavelength of 1.06/xm with 
pulse duration 10 ns (FWHM) is focused using a con- 
vex lens of focal length 20 cm normal to the target in 
order to produce the plasma. The target is placed away 
from the focal point of the tens and the laser spot size 
is 7 x 10 -2 cm in radius, which is measured from the 
etch pattern on a carbon film placed at the target posi- 
tion. The laser pulse energy is measured using a cali- 
brated laser energy meter and the power density at the 
focal spot is calculated after reflection correction from 
the lens surfaces. The pulse energy is varied during 
the experiment by using suitable attenuators. The 
experiment was performed on an indigenously built 
vibration isolation table. 

Target\ t 
.J- ;; 

ii 

i I qrigger 

Fig. 1. Schematic diagram of the experimental setup. Lh He-Ne laser; L2, Nd:YAG laser; R, reflector; BS, beam splitler; M~, M a concave 
mirrors; F~, focusing lens; PD, photodiode; DSO, digital storage oscilloscope. 



G.K. Varier et al./Spectrocllimica Acta Part B 52 (1997) 657-666 659 

The schematic diagram of the experimental setup 
for the emission measurements is almost the same as 
the one described earlier, except for minor modifica- 
tions [30]. Plasma is produced using the same 
Nd:YAG laser at a pulse repetition frequency of 10 
Hz. The target was mechanically rotated and after 
every 5 min scan the target was shifted laterally in 
order to minimize the reduction in emission intensity 
due to surface pitting. The emission spectrum from 
the plasma was viewed perpendicular to its expansion 
direction by imaging the plasma plume using colli- 
mating and focusing glass lenses so that a 1:1 image 
of the plume was obtained at the entrance slit of a 1 m 
monochromator (SPEX model 1704 with entrance and 
exit slits parallel to the target surface, each having a 
width of 30/zm, grating with 1200 grooves poer mm 
blazed at 5000 A and spectral bandpass 0.1 A). The 
scan rate of the monochromator was adjusted by using 
a microprocessor controlled scanning arrangement. A 
thermoelectrically cooled Thorn EMI photomultiplier 
tube (model KQB 9863, rise time 2 ns and quantum 
efficiency 22%) coupled to a boxcar averager/gated 
integrator (Stanford Research Systems, SR 250) trig- 
gered in phase with the start of the laser pulse was 
used for the detection and averaging of the plasma 
emission intensity. The boxcar averager gate width 

was set to 5 ns and intensities from ten consecutive 
pulses were averaged and then fed to the chart recor- 
der. The recorded spectra were reproducible in wave- 
length and intensity. 

3. Results  and discussion 

3.1. Time resolved p lasma emission 

The pulsed laser evaporation process can in general 
be classified into three separate regimes [13]: the 
interaction of the laser beam with the target material 
resulting in the evaporation of the surface layers; 
interaction of the evaporated material with the inci- 
dent laser beam causing rapid ionization and plasma 
formation; and finally the rapid cooling of the plasma• 
The plasma evolution after the interaction of the high 
power laser beam with the target consists of two dis- 
tinct domains in time. Initially there is a sudden 
increase in the emission intensity, and after attaining 
the peak intensity it decreases rapidly [31,32]• We 
have carried out time resolved spectral measurements 
in these two time domains with a view to deciphering 
the different heating, ionization, and cooling pro- 
cesses taking place inside the plasma. The time 
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Fig. 2. Plasma emission spectrum in the wavelength range k 3500-6500 A at different time delays and at the typical laser power density 
0.8 GW cm-2; (a) 10 ns, (b) 25 ns, (c) 35 ns, and (d) 55 ns. The plasma continuum radiation peaks around 4100 ~,. 
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Fig. 3. Plasma emission spectrum in the wavelength range ~ 3500-6500 ,~ at different time delays during plasma cooling at laser power density 
0.8 GW cm 2; (a) 75 ns, (b) 145 ns, and (c) 295 ns. 

resolved emission spectra are given in Figs. 2 and 3, 
respectively, which clearly distinguish the different 
emission processes inside the plasma. At the initial 
stages of the plasma formation, which extend from 0 
to ~ 55 ns, there is an increase in the emission inten- 
sity. It should be noted that the time of 55 ns is sig- 
nificantly longer than the pulse duration. In this time 
span (0-55 ns), as seen from Fig. 2, the emission 
spectrum consists of the plasma blackbody radiation, 
without much line emission. In general, the main 
source of the plasma continuum is bremsstrahlung 
radiation and radiative recombination [34]. Thus, the 
shape of the spectrum shows the abundance of free 
electrons and ions inside the plasma during this period 
in its temporal history. 

Beyond 55 ns, as shown in Fig. 3, the line to con- 
tinuum intensity ratio increases, and finally, after 
about 150 ns, the spectrum consists mainly of emis- 
sion lines corresponding to atomic and ionic species. 
It has also been observed that the emission lines are 
highly Stark broadened [35] during the initial stages 
of the plasma owing to very high plasma electron 
densities. The emission spectra obtained at different 
laser power densities are recorded, and it is seen that 
at relatively low power densities the spectrum repre- 
sents mostly neutral and singly ionized species, 

whereas at higher laser power densities it contains 
lines corresponding to neutral and to singly and 
doubly ionized species. Lines corresponding to 
Ba(I), Ba(II), Y(I), Y(II), Cu(I), Cu(II), N(I), 
N(II), O(I) and O(II) and also some less intense 
lines from Ba(III), Y(III), Cu(III) and O(III) have 
been identified. The plasma emission lasts for a few 
microseconds. 

3.2. Plasma electron density 

The ablated material ejected from the target surface 
consists of ions, atoms and molecules in addition to 
free electrons. The atomic contribution to the refrac- 
tive index is given by [36] 

e2 x-. N~ 
/,tat = 1 -~ (1) 

871.2eom ~ (/)2_/.,2) 

where e is the electron charge, e0 is the permitivity of 
free space, m is the mass of electron, Ni is the number 
density of the lower level of a transition, fi is the 
oscillator strength, vi is the atomic resonance line 
frequency and ~, is the frequency of light used to 
make the observation. The above equation suggests 
that the contribution from the atomic refractivity is 
appreciable only near the resonance transitions. All 
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Fig. 4. Variation of the electron density as a function of the laser power density. 

the resonance lines in the present plasma are suffi- 
ciently far from the probe wavelength X. Hence the 
electron contribution to the refractive index domi- 
nates in the present measurements. The plasma elec- 
tron density also peaks at a delay time of 55 ns 
(depending on the laser power density delivered to 
the target) and it is clear from the emission spectra 
in Fig. 2 that no other spectroscopic method can be 
used at smaller time delays for density measurements, 
as the spectrum is dominated by plasma blackbody 
radiation with the absence of line emission. The line 
averaged electron densities were calculated using the 
equation (see Appendix A) 

k'y(t) (2) 
he ~ XI 

Here k ~ 1.778 × 1012 cm -1, "y(t) is the phase differ- 
ence due to the presence of the plasma, X is the probe 
beam wavelength and I is the lateral extension of the 
plasma. 

Fig. 4 represents the variation of the electron den- 
sity with the laser power density. Even though the 
electron density is a function of time, the temporal 
profile of the electron density is not considered here. 
Instead, the peak electron density is plotted as a func- 
tion of laser power density. The electron density 
ranges from 1 × 1016 cm -3 to 2.4 × 10 17 cm-3 in the 

present power density range and exhibits a nonlinear 
relationship. The distinct regions of different slopes 
correspond to different mechanisms for the laser beam 
interaction with the plasma. Near 0.55 GW cm -2 rapid 
ionization causes surface damage of the sample. 
Above this damage threshold, there is a marked 
increase in the plasma electron density for power den- 
sities up to 0.65 GW cm -2. Beyond this value the 
change in electron density seems to be more gradual 
up to 1.1 GW cm-2. In the present case, as the plasma 
in air at atmospheric pressure is of high density, there 
will be large numbers of collisions among the parti- 
cles. Owing to high electron-atom and electron-ion 
collision frequencies, the plasma can be regarded as 
obeying conditions of local thermodynamic equili- 
brium (LTE) [33]. The plasma electron temperature 
can be calculated from the ratio of the integrated line 
intensities [34] of elements at the same ionization 
level. It is found that the plasma temperature is 
(0.85 + 0.05) eV after 300 ns from the beginning of 
the laser pulse. 

3.3. Laser plasma interaction and ionization 

In general, one can consider that the leading part of 
the laser pulse produces the plasma while the trailing 
part interacts with the plasma, resulting in intense 
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ionization of its constituents [27]. The two main ioni- 
zation mechanisms in laser plasmas are the ionization 
by inelastic collisions of electrons with atoms and the 
direct multiphoton ionization of  atoms due to bound-  
free transitions of  atomic electrons. The ionization 
rate in the case of collisional ionization We is given 
by [27] 

P i n ~ o s  wc -- (3) /i 

where ~'in is the frequency of inelastic collision, Ii is 
the ionization energy and ~ o~ is the electron oscillation 
energy given by [27] 

~o~ = 0.093X2I (eV) (4) 

Here X is the wavelength of  the laser light and I is the 
power density (W cm 2) at the focal spot. In the case 
of  direct photoionization, however, the ionization rate 
is given by [27] 

W n ~ W o  n 3 / 2  ( 5 )  

where p = li/h~o is the number of  absorbed quanta. It is 
clear from the above equations that the ionization rate 
is dependent on the laser power densities through the 

electron oscillation energy. Although the collisional 
ionization rate has a weak dependence on the laser 
power density, the ionization rate due to the multi- 
photon processes is strongly dependent on the power 
densities. In the present case h~0 = 1.17 eV for 1.06/xm 
radiation, which is very much smaller than the ioniza- 
tion potentials of  any of  the constituent atoms inside 
the plasma. The first ionization energies for different 
constituents of  the YBCO plasma are [37] 6.38 eV 
(Y), 5.21 eV (Ba), 7.73 eV (Cu) and 13.62 eV (O). 
As the ionization rate is directly proportional to the 
electron density, the dependence of  the electron den- 
sity on the laser power density should be the same as 
that of  the ionization rate, except for a change in the 
proportionality constant. The direct photoionization 
of  any of  these atoms requires more than one photon 
for 1.06/zm radiation. 

Fig. 5 shows the double logarithmic plot of  the laser 
power density vs the emission intensity of  single ionic 
lines from Y (3950.36 A), Ba (3891.78 .~) and Cu 
(4171.85 A). One can see that the intensity of  these 
lines grow as I p, where p ~ 6 for Y, 5 for Ba and 6 for 
Cu at lower power densities but p lies approximately 
between 1 and 2 at higher power densities. For both Y 
and Ba the multiphoton energy slightly exceeds the 
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Fig. 5. Variation of the logarithm of the ion emission intensity of first ionized lines: el, YII (3950.36 /k); 0, Bali (3891.78 ~,); &,CulI 
(4171.85 A); with log laser power density showing multiphoton ionization at low laser power densities and collision induced ionization 
at higher power densities. 
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Fig. 6. Plot of logarithm of ion emission intensity for: nun, Oil (4072.16 A): O, Nil (4041,31 ~=): indicating the effect of collisional ionization for 
oxygen and nitrogen within the power density range. 

ionization potential, but for Cu it is slightly less than 
the ionization potential. This effect could be due to the 
depletion of the neutral atoms inside the plasma, as 
suggested by several other workers [38,39]. However, 
from Fig. 6, for N (4041.31 ,~) the emission line inten- 
sity grows very gradually with p in the range 1-1.5. In 
this case there is no saturation of the line intensity at 
higher power densities, indicating that from very low 
to very high power densities the ionization rate is the 
same. For oxygen (4072.16 ,~), there exists a change 
in slope in the log-log plot shown in Fig. 6. But the 
higher slope at low laser power densities does not 
match with the ionization potential of oxygen. The 
simultaneous absorption of 12 photons is required 
for the direct multiphoton photoionization of oxygen, 
the cross-section for which is very low. There can be a 
small number of molecules becoming multiphoton 
photoionized, but the major contribution is from colli- 
sional processes. The results in Figs. 4 and 5 show that 
at low laser power densities the elements present 
inside the target with comparatively low ionization 
potentials are multiphoton photoionized, whereas 
atmospheric nitrogen gets ionized due to collisions 
throughout the power density range. Emission corre- 
sponding to oxygen is stronger than that due to nitro- 
gen because of the additional source of oxygen from 

the target apart from that present in the atmosphere. 
At high laser power density the ionization is due to 
collisions, in the case of species with low ionization 
potentials (Y, Ba and Cu) also. 

For low laser power densities, i.e. in the range 
0.55-0.65 GW cm -2, the electron density also varies 
as n,, oc 1;', where p has values between 6 and 7 (Fig. 
4). This supports the fact that multiphoton absorption 
is a dominant ionization process in this range. 
6hc0=7.02 eV is slightly greater than the ionization 
potentials of Y and Ba. But above 0.65 GW cm -2, the 
dependence of the electron density on the power den- 
sity is rather weak, where p ranges from 1 to 2. Here 
the exponent is close to unity and obviously multi- 
photon ionization is not likely to be the dominant 
process. Instead of multiphoton photoionization, col- 
lision induced ionization which is weakly dependent 
on the laser power density is dominant. This means 
that when a threshold electron number density is 
exceeded, the number of inelastic collisions between 
the electrons and the atoms increases and the main 
ionization mechanism is the collision induced one. 
The fact that above 0.65 GW cm -2 the emission spec- 
trum is rich in singly ionized species with some dou- 
bly ionized ones supports the above argument. The 
higher ionized states should be due to collisions and 



664 G.K. Varier et al./Spectrochimica Acta Part B 52 (1997) 657-666 

not due to photoionization because of the very high 
ionization potentials, whereas in the case of low laser 
power densities the dominance of neutral and singly 
ionized species and the absence of higher ionized 
states show that the collision dominated processes 
are negligible. Another reason for the saturation effect 
in the electron density at higher laser power density is 
the laser absorption by the plasma near the target sur- 
face. This will reduce the effective laser power den- 
sity available for laser-target interaction. A similar 
phenomenon has been suggested by other workers 
[131. 

Above the threshold laser power density (0.65 GW 
cm -2) the trailing part of the laser beam does not 
penetrate sufficiently into the plasma to cause multi- 
photon ionization. Before being expanded, the plasma 
is confined to a region with dimensions characteristic 
of the etch depth on the target (with typical values of a 
few /~m; see for example refs. I40,411). During this 
period the trailing part of the laser pulse interacts with 
the plasma. Above this threshold value of the laser 
power density, the electron density present within 
the etch depth during the period of the laser pulse 
may exceed the critical density. Hence the laser 
light is screened off, being absorbed by the plasma. 

constituting the target is multiphoton induced, 
whereas the main ionization mechanism is collision 
induced at higher laser power densities. For Cu, 
though it is present in the target itself, the number 
of quanta absorbed at low laser power densities is 
slightly less than that required for multiphoton photo- 
ionization. As a result of the high ionization poten- 
tial, the major ionization mechanism in the case of 
oxygen atoms happens to be collision induced even 
though oxygen is present in the target as a major 
constituent. The emission intensities from species 
such as N present outside the bulk target show a 
linear dependence with the laser power density, indi- 
cating the existence of collisional ionization pro- 
cesses. Line averaged electron densities were 
deduced from the interferometric measurements and 
found to vary from 1016 to 2.4 x 1017 cm 3 as the 
laser power density is increased from 0.5 to 1.1 GW 
cm <. Plasma temperature was calculated from the 
integrated line intensities of emission from ionized 
species and found to be about 1 eV. In conclusion, 
optical emission spectroscopy and Michelson inter- 
ferometry were utilized for the investigation of a 
high density low temperature nanosecond laser pro- 
duced plasma from the multi-component material 
YBa2Cu307 in air at atmospheric pressure. 

4. Conclusions 

Various aspects of a laser produced plasma in air 
with laser power densities ranging from 0.55 to 1.5 
GW cm -2 have been investigated using emission spec- 
troscopy and Michelson interferometry. It is found 
from the time resolved emission measurements that 
spectral emission during the formation of the laser 
plasma is dominated by the plasma continuum, reveal- 
ing the existence of free electrons and ions in abun- 
dance, but some time (typically 55 ns for 0.8 GW 
cm -2) after the termination of the laser pulse the 
plasma emission is dominated by atomic and ionic 
lines. This means that after attaining a maximum 
emission intensity the plasma begins to cool, during 
which time various recombination and de-excitation 
processes control the emission mechanism. From the 
intensity measurements of various emission lines as a 
function of laser power density, it can be concluded 
that at low laser power densities the main ioniza- 
tion mechanism for elements like Y, Ba and Cu 
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Appendix A 

The intensity distribution of the fringe pattern of a 
Michelson interferometer is given by 

l ( t )  =A 2 + B 2 + 2ABcos [(~b a - ~bB) - 3,(t)] (A 1) 

where A and B are the amplitudes and q~Z and ~b e are 
the phases of the respective interfering beams and 7(0 
is the phase difference introduced due to the presence 
of the plasma. (This derivation is made in accordance 
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with the a rguments  given in Monson  et al. [42]). The 
shift in the fringe pattern resulting from this t ime 

dependent  phase factor can be measured as the voltage 
change in the output  of the photodiode. For the 
intensi ty to be very sensit ive to small  changes in 
• ),(t), the operating point  is chosen such that 

~a--q~B=( m +  1/2)7r. Then the change in the output 
voltage of  the photodetector 6V(t) is 

[4 Ii ] 
¢< zX~(t)d/ (A2) 6V(t) 2AB sin ~ -  

where ), is the wavelength of the probe laser beam, I is 

the lateral extension of  the plasma and Ap,(t) is the 

change in refractive index due to the presence of the 

plasma. When  the phase difference (4h -4~8) is taken 
through a phase change of rr, i.e., the operating point  

is moved  from the bright to the dark fringe center, the 
corresponding difference in intensit ies (Im~x -- /rain) 
will be proportional to 4AB in the absence of the 
plasma. With a l inear response for the photodetector, 
the corresponding voltage difference (Vm~x--Vmi~) 
denoted by V is proport ional  to 4AB. Therefore,  
from Eq. (A2) 

y ( t ) =  sin I ( 2 v ~ V )  (A3) 

Assuming  negl igible  absorption and light scattering at 
the probe wavelength,  the index of re f rac t ion/ ,  of  the 

plasma is given by [43] 2 = 1 - (n~/nc) where n~ is the 
plasma electron density and nc is the critical plasma 
electron density given by n~ = (~o~meo/e~), where e0 is 
the permitt ivi ty of  free space, m is the electron mass, e 
is the electron charge and co is the angular  f requency 
of  the pump laser radiation, nc has a typical value of 
9.92 x 10 2° cm -3 for the N d : Y A G  laser wavelength (X 

= 1.06 Ixm). Also, when the critical density n~/n~ << 1 

"y(t)~-- e2 [ln~dl ( a 4 )  
mcw% Jo 

for path length l in the plasma. Therefore the line 
averaged electron densi ty from Eq. (A4) is 

ky(t) 
h e = (A5) 

M 

where k ~ 1.778 x 1012 cm i. The phase factor y(t) in 

Eq. (A5) is found exper imental ly  using Eq. (A3). 
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