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Abstract. A time- and space-resolved diagnostic techniquel Experimental

was used to study the emission spectra from the plasmas

produced byl.06-um, 10-ns pulsed-laser irradiation of ti- A schematic diagram of the experimental arrangement is
tanium alloy targets in air at different ambient pressures inllustrated in Fig. 1. Thel.06-um radiation with 10-ns

the wavelength range &f00 nmto 800 nm From the time- pulse width (full width at half maximum) produced from
of-flight (TOF) curves of specific spectrum lines of exciteda Q-switchedNd:YAG laser device (Quanta Ray DCR-3) was
Ti andFe atoms, the velocities of excited neutidlandFe  used in the experiment. Its maximum output energy Was
atoms at different ambient pressures were measured. Und€he laser energy was measured by a digital energy meter
the assumption of local thermodynamic equilibrium (LTE), (Ophir DGX-30A). The laser pulse was reflected by a prism
the electron temperature and the electron number density, and was then focused onto the polishEdalloy target
were deduced from, respectively, the relative line intensitysurface by a quartz focusing lens (1 = 6.3 cm). The spot
and the Stark-broadening measurements conducted at diffesize of the laser beam wa&66 mm in diameter. TheTi

ent ambient pressures. Finally, the validity of application ofalloy sample was positioned on a sample holder in a cham-

LTE was discussed. ber pumped by a mechanical pump. The chamber and lens L1
were mounted on two two-dimensional movable plates. By
PACS: 79.20.D; 52.50Im adjusting synchronistically these two plates along the direc-

tion of the incident laser beam, the plasma emission spectrum
was recorded as a function of the distaiciEom the target

Pulsed laser ablation of solid materials is becoming more ansurface. In the direction perpendicular to the incident laser
more important for elemental analysis of a wide variety ofbeam, two cylindrical lenses (L2 and L3) were used to image,
solid samples and many other applications. One of the typ-
ical applications is pulsed laser deposition (PLD) technique
for preparing thin film materials such as high-temperature su-

perconductors [1-3]. The quality of the prepared film using Nd: YAG
the technique is closely related to the properties of pulsed A LASER
laser-induced plasmas such as the particle velocity, the tem- Q-SWITCH [
perature, and the number density distribution of the particles TIME

in the plasmas. The properties of a plasma can be influ- DELAYER
enced to a great extent by the ambient pressure [4-7]. In the

present work, the optical emission from the plasma produce TARGET

by a1.06-um, 10-ns YAG pulsed laser at different ambient <+ CHAMBER

pressures was detected and analyzed. The velocities of the _ F:S: S‘:;;TE
excited neutralTi and Fe atoms were obtained. Under the L2 L3

assumption of local thermodynamic equilibrium (LTE), the PECTROMETER —
electron temperature and the electron number density wer HR-320 OMA
deduced from,_respectively, the relative line inter!sity and the_ I:_ PUMP DETECTOR ~ONTROL
Stark-broadening measurements conducted at different ambi- 1420 SYSTEM

ent pressures. Finally, the validity of application of LTE was
discussed. Fig. 1. Schematic diagram of the experimental arrangement
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at 1:1, the plasma optical emission from the plane whiclobserved that during the initial period of the laser pulse reach-
has a distancd from the surface of the target, onto the en-ing the target surface4Q ng, continuum emission is very
trance of the slit of an ISA(HR-320) spectrum analyzer. Thentense. The continuum emission quickly decreases with in-
dispersed emission was subsequently detected by an opticakase of the delay time. There are also two spectral lines
multichannel analyzer (Parc OMA lIl). The spectrometer offrom N* ions at444.7 nmandO* ions at44149 nmsuper-
the OMA system is equipped with1200groovegmmagrat-  posed on the continuum, but they quickly disappear because
ing, and the slit width i25um. A fast pulser (Parc model of the recombination of electrons with ions. At first, the dens-
1302) was used for gating the photodiode array, and thity of ejected species is very high, and the two lines are very
gate width is10 ns An accurate trigger delayer, which was broad because of Stark broadening. Then, the lines become
synchronistically triggered by the electric Q-switched signaharrower. From Fig. 2b, it is observed that the signalblof
produced by the YAG laser device, was used to control theandO™ ions are too small to be found BD0 Pebecause of the
delay time at which the spectrum was recorded. Moreovergeduction of atomic density of the air.
a photo diode and a digitizing oscilloscope (Tektronix TDS  With the increase of time, isolated lines of excifEdand
620A) were used to calibrate the time delay. By changing th&e atoms emerge, as shown in Figs. 2a,b. Figure 3 shows the
delay timety, one can get the time-resolved emission spectral OF curves of thd'i | 439.39 nmline from aTi alloy sample
irradiated by the pulsed laser at a 86 x 10° W cm 2. The
intensities of the lines were obtained by integrating the peak

2 Results and discussion area with automatic spectral baseline correction. Because the
concentration of the excited atoms or ions is proportional to
2.1 Plasma emission the intensity of the spectral line, the recorded changes of the

intensity of the spectral line at different time delays give in-
Figure 2 shows the plasma spectra obtained at three differeftrmation on the excited atoms or ions in the ejected vapor.
time delays in the wavelength rang@88-450 nmat an obser- In Fig. 3, the intensities of lines obtained at an atmo-
vation distancel = 1.0 mmfrom the target surface. The laser spheric pressure of air last for a long time, up8@00 ns
power density wag.5 x 10° W cm—2 and the ambient pres- They can last fo2000 nsat 100 Pa (only powerful lines were
sures were (a).0 x 10° Paand (b)100 PaFrom Fig. 2a, itis retained in Fig. 3). These time intervals are much longer than

(a) P=1.0x105Pa (b) P=1.0 x 102 Pa
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Fig. 2a,b. Evolution of plasma emission spectra in the wavelength regict38f450 nm
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pressure last for much longer than thos&@Q@ Pa This is be-
cause the ambient air impedes the expansion of the plasma,
which would cause an increase in both emission lifetime and
emission intensity. The spatial confinement of the plasma be-
comes stronger with increase of the ambient pressure, so the
emission lifetime afl.0 x 10° Papressure is longer than that
at100 Pa

N
o

2.2 Particle velocity

In Fig. 3, the emission intensity afi atoms is proportional
to the number of excitedi atoms. The time delays there-
fore embody the velocities of the atoms, so the maximum
intensity for each curve as shown in Fig. 3 can be used to esti-
mate the expansion velocity, based on the delay time [8—10].
Dividing the distance between two positions by the corre-
e sponding delay time difference gives the population-averaged
0 1000 2000 3000 4000 velocity of the excited atoms. Table 1 lists all measured re-
sults at three diﬁ((e)gent amEient pressures. The laser power
; density was3.5 x 10° Wcm <.

Time Delay (ns) From Table 1, it can be found that the velocities decrease

25 T T T with the distance from the target surface. Moreover, the vel-
(b) ocities of the atoms decrease with increase of the distance

O d=0.5 mm more rapidly at higher pressure than at lower pressures. The
P=100Pa @ d=1.0mm - reason must be that increased pressure slows the velocities
¢ d=1.5mm of the atoms by the collisions between air particles and the
v d=2.0 mm ejected atoms, i.e. the expansion is impeded. A similar effect
0 d=2.5mm occurs with the plume of particles, as distinct from individ-
ual excited state atoms, emitted when surfaces are bombarded
with laser pulses [11]. Comparing the velocity Bf atoms
with that of Fe atoms, one finds that there is no great dif-
ference. We also investigated the dependence of the velocity
on the laser energy. The results show that the velocity of the
excited atom increases slightly with the increase of the laser
— energy, and this variation is more obvious at lower pressures.
Similar results apply also to the plume [12].
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2.3 Electron temperature and density
0 200 400 600 800
Under the assumption of LTE, the electron temperature in

Time Delay (ns) the plasma can be determined by relative line intensity meas-
Fig. 3a,b. The TOF curves of th@i | 439.39 nmline as obtained at different Uréments. If one observes two isolated lines, say 1 and 2,
distances from the target surface with central wavelength; and Az, respectively, emanating
from the same atomic or ionic species and if the energy level
population is distributed according to the Boltzmann law, the

the lifetime of the excited state dfi atom, so it can be con- relative intensity of these two lines; /&2, is given by [13]
cluded thafli atoms are constantly produced and excited dur-

ing travel to the laser source, the exciting energy comes from® — InD Amn(D)22 ex [_M} . (1)
the plasma itself. Moreover, the lines obtained.tx 10°Pa €2 Im(2) Amn(2)A1 KT
Table 1. The average velocities of the excited .
atoms at different positions and pressumags) o Positiorymm
Emission line ®~10 10~15 15~20 20~25
PressurgPa Velocity/m/s
Ti 1 439.39 nm 100x 10° 3.60x 10° 2.00x 10° 9.09x 1C? 6.25x 107
1.00x 10° 1.00x 10* 8.33x 10° 5.56x 103 4.00x 10°
5.0 1.25x 10* 1.25x 10* 1.00x 10* 8.33x 10°
Fe | 44694 nm 100x 10° 3.33x10° 2.25x 10° 1.00x 10° 5.00x 10?
1.00x 10° 1.25x 10* 9.09x 10° 7.14x 10° 5.56 x 10°

5.0 1.25x 10* 1.00x 10* 9.09x 10 7.14x 103
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where Ann(i) is the transition probability from energy level electron densityNe [13]:
m to n, gn(i) is the statistical weight of the upper energy
level, En(i) is the energy of the upper energy state m, andAi1/2 = 2W (Ne/10') + 3.5A (Ne/10)
T is the electron temperature. From (1), the electron tem- 3., 13 6
x [1—ZND :|W(Ne/101) :

1/4

perature can be determined provid&gh(i), gm(i), andEm (i) (2)

are known. In the present work, in order to enhance the ac-

curacy of the measurement, five lines from excited neutralhe first term in (2) gives the contribution from electron

Ti atoms were chosen to determine the electron temperatuderoadening and the second term is the ion-broadening cor-

The atomic spectra data needed in (1) are listed in Table 2ection, W is the electron impact parameté,is the ionic-

These data were found from [14]. The electron temperaturémpact broadening parameter, aNg is the number of parti-

obtained at two different pressures are shown in Fig. 4, the resles in the Debye sphere and is given by [13]:

sults having been acquired RO mmfrom the target surface. 32

It can be found that in the early stage of plasma evolution th(ND —1.72x 109T_

electron temperature is very high, and then decreases quickly NZ/2T

with increasing time delay. Moreover, the temperature de- . . _

creases with increase of time more quickli1800 Pahan at  WHEreT isinevandNe in cm °. BecausaV andA are weak

1.0 x 10° Pg which was probably caused by the spatial Con_funchons of temperature, we can use the vaIueWcﬂndA?:

fining effect of the air on the plasma. After ab@@0nsat [0 T =10000Kin the calculation, nameW = 4.04 x 10~

1.0 x 10° Paand 200 nsat 1000 Pathe plasma is cooled to andA = 0.023, data as obtained from [15]. Using (2) and (3)

a much lower temperature, and after there the temperature oI%r-'d the measured Stark-broadening d_ata of the399I5 nm

creases very slowly. Ine atd =1.0mm the electron de_nsny can bg calculated.
The number density of the electrons in the plasma can b-ghe cqntrlbqun by .|nstrumental line brqadenmg was neg-

obtained from the Stark-broadening measurement of the ifccted in the calculation. The results obtained at two different

dividual lines. For singly ionized non-hydrogenic ions StarkPressures are shownin Fig. 5. Itis found that the electron tem-

broadening is caused predominantly by electron impact. ThRerature decreases with ingreasing time qui(_:kly in the early
full width of half maximum of the lines\ 11> is related to the st_ag_e of the_ pla_sma evolutlo_n, and then varies more slowly
with increasing time. Comparing the evolution of the electron

density obtained at two different pressures, one finds that the
electron density decreases with increasing time more quickly
atl000 Pathan at1.0 x 10° Pa

The assumption of LTE was used in determining the elec-

(3)

Table 2. Spectroscopic data of neutral lines

Amn/0M Em/om™* Gm Amn/10° 571 tron temperature and density. In fact a necessary (but insuffi-
402,46 25227 7 0.063 cient) condition for LTE is [16]:
it g4 B Nz 14xI0NT B B, @
22(1’;(7,2 fSZ?i ; 8:324 where T is the temperature ireV, En— E, is the en-
ergy difference between the upper and lower stategvin
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Fig. 4. The electron temperature of the plasma as obtainatl=afl.0 mm
from the target surface

Time Delay (ns)

Fig. 5. The electron densityNe of the plasma as obtained dt=1.0 mm
from the target surface



245

In the present work, the largest energy level difference ifReferences

about3.1 eV. The highest temperaturek3 = 2.6 eV. Using
these values in (4), we obtained a lower limit foi of
6.1 x 105 cm~3, which is much lower than the experimental
value ofNe obtained from the Stark broadening. Therefore, it
seems that the LTE assumption used in the evaluatids.of

andT in the early stage of the plasma evolution is valid. i-

1.

. 5.
3 Conclusion

6.
The spectroscopic diagnostic method has been used to study-
the space- and time-resolved behavior of the pulsed laser-
produced plasma from @i alloy target at different ambient

the plasma, the electron temperature, and the electron dens-

ity are all influenced by the ambient pressure. The velocity of11- elly, A. Miotello _
r:l,?. A. Giardini Guidoni, R. Kelly, A. Mele, A. Miotello: Plasma Sources

the excited atom decreases with increase of the distance fro

the target surface more slowly at lower pressure. However; s

the electron temperature and density decrease with increase

of the time delay more quickly at lower pressure. The effectsl4.

on these properties of the plasma are very important for un-
derstanding the mechanisms of laser-materials interaction a

well as for quality control in preparing thin films by using the 16

PLD technique.
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