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Abstract. A silver target kept under partial vacuum con- depth because of the exponential attenuation of electromag-
ditions was irradiated with focused nanosecond pulses atetic radiation in a conducting medium. The light is primarily
1.06pm from aNd:YAG laser. The electron emission mon- absorbed by electrons present within the skin depth through
itored with a Langmuir probe shows a clear twin-peak distriinverse bremsstrahlung leading to rapid ionization before sig-
bution. The first peak which is very sharp has only a small denificant ablation of the solid occurs. The absorbed energy is
lay and it indicates prompt electron emission with energy asransferred to the lattice through electron—phonon (e—ph) in-
much as60+ 5 eV. Also the prompt electron emission shows teractions which usually happens within a few picoseconds
a temporal profile with a width that is same as that for theafter the absorption [16]. The e—ph relaxation time increases
laser pulse whereas the second peak is broader, covers seuth the laser fluence. This increase in e—ph relaxation time
eral microseconds, and represents the low-energy electroissdue to the greater difference between electron and lattice
(24+0.5eV) associated with the laser-induced silver plasmaemperatures and hence the greater number of collisions that
as revealed by time-of-flight measurements. It has been fourate required for thermalisation. Most of the theoretical and
that prompt electrons ejected from the target collisionallyobservational models on laser ablation describe the formation
excite and ionize ambient gas molecules. Clearly resolvedf the plasma and its gas dynamic effects. Consequently, the
rotational structure is observed in the emission spectra dfot-electron emission process during nanosecond laser inter-
ambient nitrogen molecules. Combined with time-resolvedictions and its effect on the ambient gas molecules have not
spectroscopy, the prompt electrons can be used as excitatioeceived much attention.

sources for various collisional excitation—relaxation experi- In the present paper we report the observation of high-
ments. The electron density corresponding to the first peak surrent, high-temperature electron pulses generated during
estimated to be of the order &6’ cm~2 and it is found that the interaction of infrared radiation from Mdd:YAG laser

the density increases as a function of distance away from thaith a silver target. The current pulse from a positively biased
target. Dependence of probe current on laser intensity shovksngmuir probe shows that there are two peaks in the time-of-
plasma shielding at high laser intensities. flight (TOF) profile; one caused by the fast prompt electrons
which lasts for a few nanoseconds after the laser pulse and the
second appears much later in time and has a temporal width
of several microseconds. The use of such initial fast electrons
for the vibrational excitation and ionization of molecular ni-
trogen through electron impact is also demonstrated.

With the invention of the high-power pulsed lasers, the study

of laser—matter interactions has assumed many new dimen-

sions among which the phenomenon of laser ablation hak Experimental details

a major role both in fundamental studies and in technological

applications [1-4]. The interaction of laser radiation with The schematic of the experimental setup is shown in Fig. 1. It
solids is a very complex process. It includes light absorptiomonsists of a plasma chamber fitted with rotary and diffusion
and plasma formation in the vicinity of the target [5], ther- pumps for evacuating the chamber, which can then be filled
malisation of the ablation products due to collisions amongvith the required gas at the desired pressure. The chamber
themselves and with ambient gas molecules [6—9], evolutiohas viewing ports through which the optical emission from
and propagation of the plume [10-13], gas phase chemic#the plasma can be monitored. There are provisions made on
reactions [14, 15], and the eventual deposition of the ablativehe chamber through which current probes can be inserted.
products on suitable substrates situated at a distance from tfibe target to probe separation can be controlled from out-
target[1, 2]. In metals, laser absorption occurs within the skirside the chamber. THe06-um laser beam from a Q-switched
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Nd:YAG ing the PMT output to the digital storage oscilloscope with
laser beam a50% load.
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The focusedL.06-um radiation from theNd:YAG laser was
allowed to fall onto the silver target kept inside the partially
evacuated plasma chamber. This generates a bright luminous
plasma from the target surface which evolves to an elongated
plume of length aboud—5 cm We have studied the plasma
evolution with the help of a Langmuir probe made up of
tungsten. Most of the TOF measurements reported so far con-
W centrated primarily on the dynamics of atoms and ions and
not on the time evolution of the electrons. But in order to
have a better understanding on the process of laser—matter and

Boxcar |

averager

chromator

Vg;;;g“ inlet laser—plasma interactions it is necessary to analyze the tempo-
ral behavior of electrons also since the dynamics of electrons
vacuum greatly influence the evolution of the plasma [17]. Figure 2

oume is the signal from a positively biased Langmuir probe. There
Flig-si- vﬁﬁmiﬂ‘é Ofrghtfe‘?r"‘ggrrtigﬁ”ts'n?itgpl-_ a‘f"mﬁ:'eﬁgogé.L'T're;‘gm\:"r ., are two distinct peaks in the current signal, the initial com-
get holder; PI\/’IT,,pphotomuItipIier tﬁbe;’ DéO, diggital s?orag’e oscilloscgope.ponent comes almost SlmUItaneou_SIY with the laser pulse and
The laser spot size wa0um in radius lasts only for a fewns Following this a broad electron cur-

rent signal is seen which extends over sevesalThe second
peak comes well after the termination of the laser pulse and

Nd:YAG laser (Quanta Ray) with pulse width (full width at its delay depends on the separation of the probe from the
half maximum)10 nswas focused onto the polished front sur- target surface. An enlarged profile of the fast electron peak
face of a disc-shaped silver target (diamé&tércm thickness alone is shown as an inset to Fig. 2. The temporal width is
0.15cn). The laser pulses produce luminous plasma in fronbnly 10 nsand almost follows the laser beam temporal profile
of the target and the plasma plume expands in a direction pewhich is Gaussian in time. The slope of the plot between the
pendicular to the target surface. At first sight one may thinknatural logarithm of the probe current and the applied probe
that the expansion is 3-dimensional. But since the velocityoltage ise/kT, T being the electron temperatueghe elec-
distribution is highly anisotropic and forward peaked, usuallytronic charge, and the Boltzmann constant. The electron
a unidirectional expansion is assumed for the plume. The tatemperatures corresponding to both the peaks were evaluated
get was rotated about its axis in order to avoid multiple hitsat a distanc®.5 cmand it was found that corresponding to the
at the same spot. For studies involving Langmuir probes, the
target was kept a45° to the laser beam propagation direc-
tion. The probe is positively biased through an external power | g5 L ‘ 115 )
supply and the transient probe current is monitored across
a 50 load using a digital storage oscilloscope (TDS 220,
Tektronix). Such a setup gives true pulse shapes of the plasrr;ia 0.84 |
electron current. The oscilloscope was interfaced with a pers
sonal computer (PC) for data acquisition and analysis. In alf
our measurements the pressure inside the chamber was kg)t 0.63 | o1 )
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For time-resolved spectral measurements, the plasmga I
plume was imaged onto the entrance slit of the monochroz 42|
mator provided with a thermoelectrically cooled photomul-2
tiplier tube (PMT) for detection. The spatial resolution is%
obtained by placing proper slits and apertures to exposg o321 |
various segments of the plasma. A boxcar averager (SRS

250, Stanford Research Systems) is used for gating and av- m

eraging the spectrum during time-resolved measurements. o0 L. . . . . L
The spectra were measured with the input impedance of 0.0 0.9 1.8 27 3.6 4.5
the boxcar averager kept &0Q and the averaged output TIME (micro seconds)

is fed to a PC for further analysis. The laser was operate#ig. 2. Temporal profile of a positively biased probe signal at a distance
at a repetition frequency 0f0Hz and using the boxcar 0.5 cmfrom the target. The profile shows twin peak distribution. The nar-

. b w peak appears early in time and represents prompt electrons and the
averager, SpeCtraI Intensities were averaged out from ten s oad peak corresponds to the plasma electrons, which extends to several

cessive p_ulses. The temporal pulse shapes O_f optical emissiQ |nset: enlarged view of the first peak. The temporal width (FWHM) is
at specific wavelengths were measured directly by feedabout10 ns equal to that of the laser pulse width



559

first peak the temperature was as higlt@s- 5 eV while that 8.0 4 » w . T
corresponding to second peak was dily0.5 eV. Therefore
the electrons in the fast peak had sufficient energy to colli-g
sionally ionize the ambient gas molecules or atoms.

The interaction of the laser pulse with a solid surface Iead§
to its absorption by the conduction electrons in the skin deptff 48 !
mostly through inverse bremsstrahlung. The absorbed ener
is transferred to the bulk of the material through e—ph inter£ 3,1
actions and hence the temperature rises abruptly and a high
temperature plasma is formed within the thermal conduction:
depth, i.e. a typical depth up to which the heating is effect%
ive to produce ablation [18]. The time evolution of the elec-%
tron (Te) and lattice(T)) temperatures are described by the 0.0 . :
coupled nonlinear differential equations [16, 19], ' : : ' : ’

tb. un 1ts)

0.0 0.8 1.6 2.4 32 4.0
dT ) TIME (micro seconds)
e
Ce(Te)— = KV?Te—G(Te—T) + Pa(r, 1) (1)  Fig.3. The time-of-flight profile from a negatively biased probe at a dis-

tance0.5 cm from the target. The first peak corresponds to current due to
ionized nitrogen molecules and the broad peak corresponds to ions from the

and laser plasma
dT
C— e =G(Te—T), (2)
8.5} ‘ [ " - " 1
where Ce(Te) (J/m3K) is the electronic heat capacity ]

(W/mK) is the thermal conductivity (W/m3K) is the co- _
efficient of heat transfer between the electrons and lattic
Pa(r, t) is the absorbed laser power density given (y-
Ral exp(—az) f(t), « (m~1) is the absorption coefficient,
Ris the reflectivity,| (Wm~2) is the laser intensityf(t) is
the laser temporal profile, ar@ (J/m°K) is the lattice heat
capacity. Numerical evaluation of the temporal variations ofg 4.0 1
Te and T, in the case of copper showed that electron heatQ
ing is very fast whereas the lattice temperature rises rathér
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slowly [16]. Eesley [20,21] has observed non-equilibrium 250 . T
electron heating in copper during picosecond laser interaction

due to the initial heating of electrons well above the lattice | N . . K
temperature. The surface electron temperature follows almost 0 6 12 18 24 30
the same temporal profile as the heating laser pulse whereas LASER INTENSITY (x1010 Wem'2)

the heat is transferred to the lattice with a delay in time [21]Fig. 4. Probe current for the first electron temporal peak as a function of
The energy transferred to the lattice will result in bond breaklaser |nteon5|ty '[r21e electron current increases up to a laser intensity of about
ing and the evaporated material forms a plasma which e8> 101 Wem™2 and then saturates due to plasma shielding
pands as a supersonic jet from the target surface. A fraction
of the hot electrons may escape from the interaction volume
before the energy gets transferred to the lattice through collsurface and volume photoelectric effects through multipho-
sions. The first peak corresponds to such electrons escapitan excitation of metallic surfaces have been reported [22—
from the focal volume. The second peak corresponds to th24] and in such cases the electron current densliyhas
plasma electrons, which exist for a longer time period. Ina power law dependence on the input laser inter{$jtyThat
Fig. 3 the current signal from a negatively biased Langmuiis, J « I" wheren is an integer such thathv (h is Planck’s
probe is given. Two distinct peaks corresponding to the ionsonstant ana the light frequency) coincides with or slightly
are seen in the figure. The first peak corresponds to the curreetceeds the work function of the material. But in the present
due to the local population of the ionized ambient moleculesasen lies between 1 and 1.5, which does not match with
as revealed by the time-resolved spectral measurements dhe work function of silver [25]4.26 eV). Therefore multi-
scribed later in Sect. 2.2. The time delay of the first ion pealphoton photoemission may not contribute much to the prompt
almost coincides with the prompt electron emission peak irlectron emission found in the present investigations. In an
the electron temporal profile. The second peak in the ion TOExperiment with graphite as the target [26] electron kinetic
profile follows almost the same time scale of the second peaénergies in excess df5 eV was observed and the electron
in the electron TOF profile. Thus it can be safely inferred thaheating was attributed to collisional absorption of laser light
the second peak in the electron TOF profile correspondsto th®y free electrons through inverse bremsstrahlung. The sat-
electrons contained in the silver plasma. uration in electron current at higher laser intensities is due
Figure 4 shows the dependence of the probe current corrée plasma screening of the laser pulse. The total optical in-
sponding to the first electron pulse on the laser peak intensitjensity available at the target is thus reduced and hence the
The probe current increases linearly with laser intensity uglectron number density and probe current are also reduced.
to about9.5 x 101°Wcm~2 and thereafter it saturates. The Russo [27] describes the shielding of treaser beam during



560

its interaction with the pre-formed plasma as due to absorp-
tion by the atoms and ions as they expand into the gas because
of the absence of free electrons. In the cagesddiser pulses,
the shielding is due to absorptions by free electrons. Our obz
servation of the saturation in the prompt electron current ag 022 = ..
higher laser intensities suggests that dumsdaser interac- > "
tions with metals, absorption by free electrons contributes tgs
plasma shielding. =

The electrons could be heated up by absorption of lases
light by means of above-threshold ionization (ATI), electron™
oscillations in the laser electric field (ponderomotive poten-
tials), or could be through to inverse bremsstrahlung absorp- 350 361 372 383 304 405 416
tion. During ATI there should be a number of electron peaks - WAVELENGTH (nm)

separated by the laser photon energy [28]' In general eIeCtrcH’i]g. 5. Time-resolved spectrum with nitrogen as ambient medium recorded

heating with Ia_sers is described classically Wlth_the CC_’”C‘?R/Bith a boxcar gate delay dfnsand gate widt0 ns The spectrum shows
of ponderomotive force [29]. The electrons begin to vibratesmission from background gas molecules only and characteristic emission
in the varying electromagnetic field and attain a kinetic en+rom silver is not seen during initial time delays. The rotational fine struc-
ergy [28],U = 62E8/4mw2, whereE, is the electric field as- ture of theAv = —1 band fromNZ with band head a#27.8 nmis shown
sociated with the laser lighg is the frequency of the optical 2 "€t
field, e andm are the electron charge and mass, respectively.
This ponderomotive energy is converted into kinetic energ\N3* isotope is one and thus the intensity ratio for alternate
as the electrons leave the light beam and the electrons aliees should be 21. Slight deviations from 21 intensity al-
accelerated outwards. Thus ponderomotive forces can realtgrnations in the recorded spectrum are due to the P and R
play a prominent role in electron heating. High-energy elecbranch overlap [36, 37]. The above observations show that the
trons have been observedps laser interaction with solids. laser plasma from silver is preceded by a partially ionized am-
Electron velocities of the order dfo® cms™* have been re- bient gas plasma. Thus the density of the prompt electrons
ported in such instances [22]. Another heating mechanisntan be obtained from the Stark-broadened emission profile
as mentioned above, is that due to the absorption of the lasef the ambient gas atoms and ions [38, 39]. With an argon
radiation through inverse bremsstrahlung [30]. ambient, the medium is almost fully ionized and the spec-
trum is dominated by the singly ionized species as shown in
Fig. 6. The density of the prompt electron pulse as a function
2.2 Time-resolved spectroscopy of distance from the target is evaluated using the emission
line profile fromAr 1l at 4806 nmand it was found that the
Time-resolved spectroscopy from laser-produced plasmas hdensity increases as distance increases. The variation of the
been the subject of many research articles [31, 32]. Usuallglectron density with distance is shown in Fig. 7. Near the
in high-density laser plasmas, during initial time periods thdarget, the electron density 8 x 10" cm~3 and atlcm
spectrum is dominated by the continuum emission and asis 3.4 x 10’ cm=3. There is a steady increase in the elec-
the plasma cools down the signatures of atomic and ionitron density as distance from the target is increased. This is
emissions begin to appear [33]. In the present study thexpected since the ionization of each argon atom produces
time-resolved spectrum is recorded and it is found that vergne additional electron, i.&r +e— Ar**+2e. The electron
early even before the arrival of plasma emission, the spectralensity attains a steady-state value after alotitm from
emission from the ambient gas occurs under partial vacuutie target surface.
conditions.
The spectrum in the rang@50-800 nmis recorded with
the boxcar gate delaynsand width40 nsfor a nitrogen am-
bient atmosphere. The most prominent features in the emis-
sion spectrum are due to th andN3 molecular systems. 15r
A representative spectrum in the rar@fed nmto 420 nmis
shown in Fig. 5. The spectrum shows emission bands corg 1.2}
responding toN, andN; and does not have any emission
characteristic of the silver atoms or silver ions emitted froms o9}
the target. Since the ground state\afis a singlet, the direct s
excitation to the triplet that gives rise to the second positives ) ¢
system is normally forbidden except through the mechanisré;
of energy exchange [34]. A high-resolution spectrum givings
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the rotational fine structure with alternate half intensities of - °~ f . oo bt s b i
the Av=—1 band ofNJ with band head a#27.8 nm is ’ J
shown as an inset to Fig. 5. Such intensity alternations can be 0955 459 268 477 486 495
observed for homonuclear molecules due to the difference in : WAVELENGTH (nm)

statistical weights for even and odd numbered rotational 'eVﬁig_e_ The time-resolved spectrum at gate delagsand gate width0 ns

els. The in'tenSity ratio is given b§l +1)/1 wherel iS_ the  with argon as the ambient gas. The spectrum is dominated by singly ionized
nuclear spin quantum number [35]. The nuclear spin of thergon
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