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Plasma generated by fundamental radiation from a Nd:YAG laser focused onto a graphite target is
studied spectroscopically. Measured line profiles of several ionic species were used to infer electron
temperature and density at several sections located in front of the target surface. Line intensities of
successive ionization states of carbon were used for electron temperature calculations. Stark
broadened profiles of singly ionized species have been utilized for electron density measurements.
Electron density as well as electron temperature were studied as functions of laser irradiance and
time elapsed after the incidence of laser pulse. The validity of the assumption of local
thermodynamic equilibrium is discussed in light of the results obtained.19€@7 American
Institute of Physicg.S0021-897807)04116-9

I. INTRODUCTION pressuré?~*However, relatively little quantitative informa-
tion is available on either the fundamental graphite plasma
Pulsed laser induced plasma has a very short temporglarameters, like electron temperature, electron density etc.,
existence and is transient in its nature, with a fast evolutioryr on the nature of the dominant plume excitation processes
of the characteristic parameters that are heavily dependent i different spatial and temporal regions of the expanding
irradiation conditions such as incident laser intensity, irradiaplasma. Such data are required in order to develop and test
tion spot size, ambient gas composition and pressure. It ifrodels of plasma proces$e$®and enable us to evaluate the
also true that these parameters vary drastically with axial ognergy transport into the plasma with regard to temporal and
radial distance from the target surface under the same irrgocal behavior as well as its effectiveness.
diation conditions. Detailed investigation of the optical emis- There are several diagnostic techniques emp|oyed for the
sion of the plasma plume gives information on the spatiabjetermination of electron density which includes, plasma
and temporal evolution of transient species produced duringpectroscopy’*8 Langmuir probe??° microwave and laser
laser—target interaction, such as excited atoms, ions gnterferometry?’~2® and Thomson scatterirf§:>®> Thomson
molecules: The spectroscopic studies made on spatial Volscattering is probably the most direct and least theory-
ume elements in the neighborhood of the target surface in thgependent, while spectroscopy is the simplest as far as in-
early stages of the plasma evolution give direct informationstrumentation is concerned. Plasma density determination us-
about the laser—target interaction as well as laser—plasmag Stark broadening of spectral lines is a well established
interaction. Investigation of optical emission at compara-and reliable techniqdé?®2’in the range of number density
tively larger distances from the target surface results in yield4 04— 10'® cm™2. The electron temperature is an equally im-
ing information on the plasma species reactivity, which is amortant plasma parameter which can be determined spectro-
important quantity needed to maintain quality of thin films scopically in a variety of ways: from the ratio of integrated
prepared using the pulsed laser deposition technique. It algfe intensities, from the ratio of line intensity to underlying
reveals the dynamics of the ablated material before collisiogontinuum, and from the shape of the continuum spectum.
with a substrate surface’ In this paper, we report the studies on plasma parameters
Laser induced graphite plasma has several applicationgych as electron density and electron temperature and their
Carbon thin films have been attracting both intensive theogependence on factors like incident laser irradiance, time af-
retical and experimental investigation due to their diamondter the e|apse of laser pu|se and spatia| Separation from the
like properties’~® This technique is also utilized for fullerene target surface. The relative line intensities of successive ion-
synthesis in an ambient g&s'* It is a potential method for  jzation stages of carbon atoms are used for the determination
many possible new, yet to be defined technological applicaof electron temperature while Stark broadened profile of sin-

tions. While this strong interest leads to intense researchly jonized carbon atom is used for the measurement of elec-
work on the physical and chemical properties of these classagon density.

of carbon, the precise nature of its formation remains contro-
versial. Recent measurements performed over a wide range
of expansion durations have demonstrated a complicated gds EXPERIMENTAL SETUP

dynamic picture of plume ambient gas interaction, which is  patails  of the experimental technique are given

characterized by different propagation phases and is acCOnse\yheré® The plasma was generated by ablation of a high

panied by plume oscillations at rather high backgroundpurity polycrystalline graphite sample using 1.0 radia-

tion pulses from a Q-switched Nd:YAG laser with repetition
dElectronic mail: root@cochin.ernet.in rate 10 Hz(maximum pulse energy 275 mJhe estimated
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laser spot size at the target was 20fh. The target in the

form of a disc(25 mm diameter and 5 mm thickness 101 1
placed in an evacuated chamber provided with optical win-

dows for laser irradiation and spectroscopic observation of _ 0.8} * ]
the plasma produced from the target. During these studies’é '=-___

the pressure inside the vacuum chamber is kept 20 4 2 o6t ;" i
mbar. The target was rotated about an axis parallel to the g 7:" i

laser beam to avoid nonuniform pitting of the target surface. = oal ; : |
The bright plasma emission was viewed through a side win- €

dow at right angles to the plasma expansion direction. The 2

section of the plasma was imaged onto the sfitaol m 0.2 i
monochromator (Spex, model 1704, grating with 1200 | . e S
grooves per mm blazed at 500 nm, maximum resolution 0.05  o.0f  * ‘ . R
nm), with entrance and exit slits are kept parallel to the target 391.75 391.83 391.91 391.99 392.07 39215
surface, using appropriate collimating and focusing lenses so wavelength (nm)

as to have one to one correspondence with the sampled area

of the plasma and the image. The recording was done b§IG. 1. Typical Stark broadened profile ofiQtransition (3?p°~4s’s) at

using a thermoelectrically cooled Thorn EMI phOtO multi- 3_’92 nm for 1.06um radlatlorj atadlstange 6 mm from‘the target. The dotted
. . line represents the Lorentzian fit. Full width half maxitRWHM) of these

pllel’ tube, which was coupled to a boxcar averager/gateégectra were used for the estimation of electron density.

integrator(Standford Research Systems, SRS)23be av-

eraged output from the boxcar averager was fed to a chart

recorder, which for the present study averaged out intensities

from 10 pulses. For Stark broadening studies, the resolution

of the monochromator was kept at its maximum by keeping

1/4
the entrance and exit slit widths at a minim@&and 6um). AXyp= ZW( MNe. +3.5A Ne
10 10
3\-13 Ne | 1o
lll. RESULTS AND DISCUSSION X\ 17 gNo ™ W s A @

One of the most powerful spectroscopic techniques to

determine the electron density with reasonable accuracy is byhereW is the electron impact parameter which can be in-
the measurements of the Stark broadened line profile of agyrporated to different temperaturésa is the ion broaden-
isolated atom or singly charged idh***’For the estimation  ing parameter, antllp the number of particles in the Debye
of electron density, the Stark broadened profile of @an-  gphere. The first term on the right side of Efj) represents
sition at 392 nm (®°p°—4s”S) is charted keeping the the proadening due to electron contribution and the second
monochromator at its maximum resolution. Three broadengeym is the ion correction factor. For nonhydrogenic ions
ing mechanisms are likely to contribute significantly to line- stark broadening is predominantly by electron impact. Since
widths observed in plasmas produced during pulsed lasghe perturbations caused by ions is negligible compared to

ablation viz., Doppler broadening, resonance pressure broagiectrons, the ion correction factor can safely be neglected.
ening and Stark broadening. For ablation in vacuum, whergperefore Eq(1) reduces to

ablated species exhibit high expansion velocities, one of the

dominant contributions to spectral line broadening is Dop-

pler broadening, which is due to different Doppler shiits., R

AN=M\v,/c) experienced by the species in different regions ANyp= ZW(W;

of the plume having different velocity componemtsin the

direction of observation. Since the expansion velocities of

the C Il ions are fountf to be~10° cm s !, which corre-  Typical Stark broadened line profile is approximately

sponds to Doppler linewidths full width half maximum Lorentzian and the experimental results shown here in Figure

(FWHM) ~0.13 A°, the effect due to Doppler broadening 1 fits fairly well with a typical Lorentzian profile.

can be ignored. The pressure broadening is proportional to Relative line intensities from the same element and ion-

the ground state number density of the corresponding speciézation state usually do not provide accurate temperatures.

and transition oscillator strength. As only a small transitionThe principal reason for this is the relatively small separation

oscillator strength has been reportedbr C 11 at 392 nm  between the upper levels of two lines. Considerable improve-

(0.139, the resonance broadening part can be safely nement in sensitivity can be obtained by selecting lines from

glected. Stark broadening of spectral lines in plasmas resulsuccessive ionization stages of the same element, because the

from collisions with charged species resulting in both aeffective energy difference is now enhanced by the ioniza-

broadening of the line and a shift in the peak wavelength. tion energy, which is much larger than the thermal energy. In
The FWHM of the Stark broadened linds\ ,, is related  local thermodynamic equilibriuniLTE), the ratio of such

to the electron density by the expression line intensities is given by

A°, @
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where the primed symbols represent the line of the atom with 2 *
higher ionization stagdf, is the oscillator strengthg is the S 198l .
statistical weightga, is the Bohr radiusky is the ionization g e |
energy of the hydrogen atork, the excitation energy, and £ 180l
AE, is the correction to the ionization enerdy, of the g '\
lower ionization stage due to plasma interactions. e , )
The correction factor in the ionization energy is given by 1.661 The
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distance (mm)

wherez = 2 for the, lower ionization state. . . . FIG. 2. The variation of electron temperature as a function of distéjce
For the.evaluat'on. of . we make use of line intensities  from the target surface. The dotted line represents fit (laser irradiance
corresponding to the lines at 464.7 nm and 569.6 nm of C used 50 GW cm?).

and 392 nm and 407.4 nm lines of IC The spectroscopic
constants of these spectral lines are taken from Ref. 17.

A. Spatial dependence The density gradients of the plasma at a pairat any

. 4
The plasma represents a heated high pressure gas keptt“:?(Et can be expressed ds

a region of small dimensions which later on, is allowed sud- z

den expansion into the surrounding vacuum. In a laser pro- ne(z,t)=n0(t)( 1- m) ®)
duced plasma the preferential vaporization of the evaporated . . o
material is always found to be in a direction perpendicular toVhe€reno is the density at the center of the laser irradiated
the target surface, irrespective of the angle of incidence ofPOt(z = 0) at timet, thez coordinate is directed perpen-
laser beam. Measurements were performed in carbon plasnfieular to the target and(t) refer the spatial coordinate of
generated in these experiments at different distances ar{fi€ leading edge of the plasma. _ _
various irradiance levels. Line shape analyses were repeated According to Eq.(5), the electron density decreases lin-
at different distances from the target surface which provide§ay with distance from the target surface. However, in ac-
a direct indication of space evolution of electron density giv-tual practice the density gradient does not decrease linearly.
ing an insight into the basic ionization processes taking placéN€ variation ofn. as a function of distance follows approxi-
in the pulsed laser ablation. mately a 1Z law at short distances, indicating that the initial

When the laser is focused onto the carbon target, which
is placed in a vacuum due to density gradients in the plasma,
a rapid expansion takes place. The estimations of electror
temperature and density of the laser produced carbon plasm:
were carried out here for distances up to 12 mm from the
target surface in a time integrated manner. The spatial depen
dence of electron temperature and electron density of the
carbon plasma are given in Figures 2 and 3. The temperature
and density show a decreasing behavior with distance. With
increasing separation from the target surface, the electror
temperature falls from 2.43 eV at 1 mm to 1.6 eV at 11 mm
while electron density decreases from 210" cm 2 at 1
mm to 1X 10 cm™ 2 at 11 mm. These results are consistent
with the recently reported values of such quantitie¥.

The variation of electron temperature with distarize 1228 e |
perpendicular to the target surface shows &' dependence. T e
For these studies time integrated intensities were used ant . .
the value ofT, presented at different distances from the tar- 0 3 6 9 12 15
get should be regarded as indicative of the average condi- distance (mm)
tions occurrlng.lr? an Nd:YAG_ ,Iaser mduced_ carbon plasm‘,”IFIG. 3. Electron density of the graphite plasma as a function of distance
rather than defining the conditions at a particular stage of itgom the target surface. The dotted line represents dirve (laser irradi-
evolution. ance used 50 GW cn?).

1.66 i .

electron density (x1017 cmi )
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At shorter timeg< 100 ng, the line to continuum ratio
is so small and the temperature measurement is very sensi-
] tive to errors in setting the true continuum level. This prob-
lem is particularly acute for time up to 100 ns. For times
>100 ns, the line to continuum ratios are within reasonable
limit, interference with the continuum measurement is not
severe and the values @t shown in the figure should be
1 reliable.

Initially the plasma expands isothermally within the time
of the duration of the laser pulse. After the termination of the
laser pulse, the plasma expands adiabati¢aluring this
expansion the thermal energy is converted into kinetic en-
1 ergy and the plasma cools down rapidly. An adiabatic expan-
s sion of the plasma occurs, when the temperature can be re-
lated to the dimensions of the plasma by the adiabatic
107 2 54 108 2 54 q0i 2 54 thermodynamic relation

time (ns) TIX(t)Y(t)Z(t)]” t=constant, (6)

FIG. 4. Electron temperature of the expanding plasma as a function of tim(¥Vhere y is the ratio of SpeCiﬁC heat CapaCitieS at constant
(distance 3 mm; laser irradiance 50 GW T pressure and volum&(t), Y(t) andZ(t) are the dimension
of the expanding plasma in the three mutually orthogonal
directions.
expansion of the electron gas is one dimensional, in good It is noted that within 300 ns after the laser pulse the
agreement with the predictions of the plume expansio€mperature drops from 3.6 eV to 2.2 eV while the density
model given by Singh and Naray&h. falls from 3.6< 10" cm 3 to 1.5< 10 cm 3. In the early
stages of plasma evolution the electron temperature is high
and it varies very rapidly. When the time is greater than 300
B. Time dependence ns, the electron temperature of the plasma is reduced to about

The temporal evolution of electron temperature and elec-_ 2 ZV' BtUt af;%rg\(/)ards;he tempferatutrhe ge(;c_s ;tatplhzed ftqr a
tron density are of prime importance, since many kineticP€"10d up to~ NS. AS seen from the adiabalic equation
reaction rates depend directly or indirectly on these paramc—nc state, the_r_ate of decr-ease of tempgrature strongl_y depends
eters. The experimentally measured variations of temperatu n the ;pquflc heatthratthy. HOW(;,\ver, dm actual practlcéals |
and density of the laser generated carbon plasma with tim own in Figure B the emperature decreases more Slowly

an predicted by the adiabatic equation due to preferential

are given in Figures 4 and 5, respectively. For these studie ) . : . LT
expansion of the plasma in one dimension during initial

the boxcar gate width was set at 10 ns. An initial electron o

temperature of about 3.6 eV and density of aboutstages. But, 3_00 ns after the initiation of the plasma the tem-

4% 107 cm~2 were observed. perature begins to decrease more slowly due to the energy
released by the recombinations which compensate the cool-
ing due expansion processes. The variation of electron tem-
perature with timgt) for 1.06 um radiation shows 2 de-

T pendence which is in accordance with the theoretical

adiabatic expansion model by Rumsby and Padlhe elec-

tron density has been found to decay with a dependegce

=t~ 2 rather than the reported theoreticab<t 3. Such dis-

. crepancies from the™ 2 has been noted by others afSo.

3.5}

27F

23

electron temperature (eV)

57| C. Effect of laser irradiance

The nature and characteristics of the laser produced
plasma strongly depend on the laser irradiance. Figures 6 and
7 give variation of electron temperature and density of the
laser produced graphite plasma with respect to laser irradi-
ance at a distance 3 mm from the target surface. Time inte-
grated line intensities were used for these calculations. As
laser irradiance increases from 21 GW ¢mto 64 GW
5 102 2 545 105 2 s 45 109 cm 2, the electron temperature increases from 1.29 eV to
2.15 eV, and saturates at higher irradiance levels, while elec-
tron densities vary from £ 10" cm 3 to 1.6<10Y" cm™3
FIG. 5. Electron density of the expanding plasma as a function of time@Nd then saturate. The saturationTipandn, at higher irra-
(distance 3 mm; laser irradiance 50 GW i diance conditions is expected to be due to plasma shielding,

231

electron density (x1 Oﬂcm_3)

1.5

time (ns)
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FIG. 6. The variation of electron temperature with laser irradigdigtance
3 mm).
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FIG. 8. The estimated absorption dep#t 1.06 um) of graphite vapor
plume for inverse bremsstrahlung.

i.e., absorption and/or reflection of the laser photons by the

plasma itself® The reflection of the incident laser photon
depends on the plasma frequengy, which should be lower

than the laser frequency. For the Nd:YAG laser, its funda-

mental wavelength1.06 um) corresponds to a frequency
1, =2.828< 10" Hz. The plasma frequency is given by
v,=8.9x10°n2°, wheren, is the electron density. Calcula-
tions show that withn, ~10"" cm™3, »,=6.5x10"? Hz,

which is much smaller than the laser frequency. So the e

plasma can be assumed to be insignificant.

The two dominant mechanisms responsible for plasma
absorption at these laser irradiance levels used in our work
are inverse bremsstrahlung and photoionization. Inverse

bremsstrahlung absorptiag,, via free electrons is approxi-
mated by°

1.6} » B

1.4} ; 1

electron density (x10"7cmi™®)

10 30 50 70 90

110

laser irradiance (GW cm™2)

FIG. 7. The variation of electron density with laser irradiaiidistance 3
mm).
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aip(cm 1)=1.37x 1073\ 3n2TL2, @)

wherel is the wavelength of the laser photonsgm. The
absorption due to inverse bremsstrahlung at different laser
irradiance levels is shown in Figure 8. It is noted that the
absorption due to inverse bremsstrahlung is negligibly small
at low irradiance levels and increases exponentially with in-
creasing laser irradiance and saturates at higher irradiance

ergy losses due to reflection of Nd:YAG laser beam from thglevels.

Absorption via photoionization can be estimated with
Kramer’s formula and absorption coefficight®

3/ 1\12
& - ©

whereE, andN, are the ionization energy and number den-
sity of the excited state; h is Plank’s constanty, is laser
frequency;l is ionization potential of the ground state atom.
The absorption coefficient of photoionization is obtained by
summing up all the excited states whose ionization energies
are smaller than the laser photon energy. Since the excitation
potentials of atomic transitions of carbon atoms are much
greater than the photon energy of the pump udetl7 eVj,
direct photoionization by the absorption of a laser photon is
ruled out. The only possibility for this type of ionization to
happen is by the simultaneous absorption of a number of
photons.

The ionization rate in the case of photoionization is
given by*

E
api= ; 7.9x 1018(h_;.

€)

3/2< 505) P
Wn=w0ne -

wherep=1;/f wg is the number of photons absorbed apid
is the electron oscillation energy which is given by

£,s=0.093\?l (eV), (10)
wherel is the power density used for the ablatiohl cm™2).
Since the ionization rate depends on number of

Harilal et al.



isothermal temperature of the plasma. At high irradiance lev-
els, when an appreciable amount of energy is absorbed by
R the plasma, a self regulating regime may form near the target
surface. If the absorption of the laser photons by the plasma
= becomes higher due to high plasma density, the evaporation
of the species from the target becomes less, which in turn
decreases density of the charged species. This consequently
increases the absorption of the laser photons by the target,
which in turn increases the temperature of the plasma. On the
other hand, when the absorption of the laser energy is less
the process is reversed with similar results. It has been theo-
retically proved thdt the density, temperature and dimen-
sions of the plume adjust in such a manner that the plasma
absorbs the same amount of laser radiation to maintain a self
regulating regime. This assumption was found to be valid in
laser generated plasma, where thermalization time is signifi-
cantly less than the plasma expansion time, resulting in an
establishment of uniform temperature in the plasma. The
thermalization timer,; of energy exchange between electron
and ions during collision can be estimated from the reldfion

log intensity

05 B

10.10 10.25 10.40 10.55 10.70 10.85

log laser irradiance

FIG. 9. Variation of logarithm of the ion emission intensity of singly and
doubly ionized species of carbon with laser irradiance) C 1 transition
(3p?p°—4s?S) at 392 nm and @) C i transition (P1P°—3d'D) at 580.1

nm. 252M T2 "
" (A, 4

absorbed quantp and the laser irradiance throudls, the

slope of the log—log plot between laser irradiance and emisvhere

sion intensity will be a direct measure of the number of pho- o

tons involved in this process. Figure 9 gives such a plot for _3(kT) (12

C 1 and Cin ionic species from the laser produced carbon  4(mng) M2’

plasma. One can see that the intensity of the line grow$§,as
wherep = 10 for Cit andp = 9 for Cii, which are in good  where InA stands for the Coulomb logarithm, which in-

agreement with the photon energy used in the present expefjolves dynamical information about ion-electron collisions,

ment and the first ionization potential of carbon atdt6.3 M is atomic weight. Withn,=10 cm 3 T,~T (vapor

eV). The mismatch observed in the case afiGons implies temperaturg = 22 000 K, the relaxation time is- 3 fs,

that along with photoionization, other processes like impactvhich is much smaller than the expansion time or pulse

ionization and direct generation of the species at higher enyidth of the laser beam which is of the order of few of

ergy states also take place and these processes may be mgggoseconds.

predominant in the present case. At higher irradiance levels

the exponent is close to unity and obviously the multiphoton

ionization is not a dominant process in this regime. Besides _ o

photoionization, other mechanisms especially impact ionizal- L-ocal thermodynamic equilibrium (LTE)

tion, thermal ionization, etc. may also affect the absorption = The calculation ofl, was carried out under the assump-

coefficient of the plasma. tion that the plasma is in LTE. In a transient system, such as
The saturation il and n, at higher irradiance levels the plasma formed by a pulsed laser beam, LTE is said to

cannot be explained by considering only the prominent abexist if the time between collisions of the particles in the

sorption mechanisms via inverse bremsstrahlung and phot@lasma is small compared with the duration over which the

ionization. Such temperature and density behavior can bplasma undergoes any significant chafg&hen electron

explained by assuming the formation of a self regulatingcollisions are the major processes of de-excitation, the sys-

regime at higher irradiancé&°During the incidence of the tem is said to be at LTE. It is clear that LTE will be ap-

laser pulse on the target surface, we can have four separgteoached only at sufficiently large particle densities. A nec-

domains which include: essary(but not sufficient criterion for LTE is that’

(i)

unaffected bulk target,

4112, 3 —3
(i)  evaporating target surface, Ne=1.4x 10T AE R cm ™, (13
(i) area near the target absorbing the laser beam, and o . .
(v) rapidly expanding outer edge of the plasma which iSwhereTe is in eV, AE,, is the energy difference between

transparent to the laser beam.

upper and lower energy levelin eV). For the transition at
392 nm, AE,,, = 3.16 eV, the lowest limit forn, is

During isothermal expansion a dynamical equilibrium exists6.3x 10*> cm 3. Our calculated values oh, are much
between the plasma absorption coefficient and rapid transfegreater than this limit implying that LTE approximation for
of thermal energy into kinetic energy, which controls thethis analysis is valid.
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