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Investigations of the plume accompanying pulsed ultraviolet laser ablation
of graphite in vacuum
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The plume accompanying 193 nm pulsed laser ablation of graphite in vacuum has been studied
using wavelength, time and spatially resolved optical emission spectroscopy and by complementary
Faraday cup measurements of the positively charged ions. The temporal and spatial extent of the
optical emissions are taken as evidence that the emitting species result from electron—ion
recombination processes, and subsequent radiative cascade from thelhRydberg states that
result. The distribution of C neutral emission is symmetric about the surface normal, while the
observed C emission appears localized in the solid angle between the laser propagation axis and
the surface normal. However, Faraday cup measurements of the ion yield and velocity distributions,
taken as a function of scattering angle and incident pulse energy, indicate thatahen flux
distribution is peaked along the surface normal. The derived ion velocity distributions are used as
input for a two-dimensional model which explains the observed anisotropy of then@ssion in

terms of preferential multiphoton excitation and ionization of C species in the leading part of the
expanding plasma ball that are exposed to the greatest incident 193 nm photon flux, prior to
electron—ion recombination and subsequent radiative decay20@L American Institute of
Physics. [DOI: 10.1063/1.1330548

I. INTRODUCTION evolution and propagation of the plume will also be sensitive
. . . . . to collisions and thus to the quality of the vacuum under
After a lengthy induction period, interest in, and use Of’which the ablation is conducted and/or the presence of any

pulsed laser ablatiofPLA) as a route tq depositing thin background gas. Obviously, the ultimate composition and
films (of, for example, metals, carbon, oxides, and other ce-

ramics, ferroelectrics and highe superconductojson a velocity distribution(or distributions, in the case of a multi-

) . ¢ .component ablation plumef the ejected material is likely
wide variety of substrate materials at room temperature, i . : - .
. : . . o be reflected in the detailed characteristics of any deposited
now growing rapidly* Film formation by pulsed laser depo-

sition (PLD) was first reported in 1965put many details of film.

. T : I Here we report studies of the ablation plume accompa-
the chemical physics involved in the deposition process are. o ArE (193 nm pulsed laser ablation of graphite. Graph-
still far from completely understood. The process is often, ying P grapnte. b

. S ite is an attractive target material for fundamental studies of
envisaged as a sequence of steps, initiated by the laser rad

tion interacting with the solid target, absorption of energyBLA' both because of its intrinsic elemental simplicity and

and localized heating of the surface, and subsequent materib1ecause of the wide potential applicability of hard hydrogen-

. . . 3 _
evaporation. The properties and composition of the resultinfa}ee diamondlike carbo(DLC) films.” It has been the sub

ablation plume may evolve, both as a result of coIIisions%’eCt of several previous investigations; indeed graphite was

. . one of the first target materials to be ablated when the pulsed
between particles in the plume and through plume-laser ra- : ) .
o . . S tuby laser first became availafi&Subsequent studies of the
diation interactions. Finally the plume impinges on the sub- . . I
. . PLA of graphite using long excitation wavelengtfs.g.,

strate where incident material may be accommodated, re- ) . .
. . 1064 nm have shown the ablation plume to contain a high

bound back into the gas phase, or induce surfacé

modification (via sputtering, compaction, subimplantation proportion of small - carbon —cluster specidons and
etc). Such a se ar[;tion he?é conc?a tual ;1 eal I[t))ut is nec'er%,(-aUtraB'S_7 DLC films in which an estimated 70% of the C
o b P ppeal, atoms showsp® (tetrahedral coordination have been re-

sarily oversimplistic. Furthermore, the laser—target interac- . . L

. : . orted following 1064 nm laser ablation of graphite in

tions will be sensitively dependent both on the nature an . o 10
vacuum, but only at laser intensities approachingt®10

condition of the target material, and on the laser pulse pay, . -2's 5 ,ch ghservations should be contrasted with PLA

rameters (wavelength, |nten5|ty3 fluenge, pu!se duratlor1’induced using short wavelength ultraviolgtV) laser radia-
etc). Subsequent laser—plume interactions will also be de:

pendent on the properties of the laser radiation, while th%gnaggh%i'(’: i?):écri];nécgidéiilrzr'rsw;r?(ﬁotgg‘ﬂgr?g Egioglgﬁf;d

DLC films containing>90%sp® bonded C atoms have been
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electronic mail: mike.ashfold@bris.ac.uk tion of densesp® (rather than graphiticnetworks in the de-
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posited film315-?'and that high ejection velocities are a fea-

ture of electronic(i.e., UV) rather than thermally driven 9
material ablation. Nonetheless, many details of the ablation '
process including, for example, factors which affect the
plume composition and properties, and how these in turn
influence the resulting film characteristics, merit further
study.

The present work focuses on an improved characteriza-
tion of the plume accompanying PLA of graphite at 193 nm
in vacuum, using a combination of wavelength, temporally
and spatially resolved optical emission spectrosc@is),
together with Faraday cup measurements of charged particle
production. The temporal and spatial extent of the optical
emissions suggest that the emitting species arise as a resuli  Aperture
of electron—ion recombination, and subsequent radiative cas-
cade from the high Rydberg states that result from this asso-
ciation. The C neutral emission is observed to be distributed
symmetrically about the surface normal, but the observed C
emission is localized in the solid angle between the laser
propagation axis and the surface normal. Time-of-flight
(TOF) and time gated imaging studies of the optical emission
can provide measures of the plume expansion characteristics,
as can a variety of electrostatic probe measurements. The
results of preliminary Langmuir probe measurements of botf!G- 1. Plan view of the ablation chamber as configured for the present

. d elect in th | . 193 bl experiments. The graphite target is shown oriented such that the excimer
lons and electrons in the plume accompanying NM ablgzqer peam is incident at an angle of 437 defines the angle between the

tion of graphite have been reported previousifhese indi-  surface normal and the detection axis for OES, for example, with pogitive
cated similar recoil velocities for both species. Here we als@orresponding to angles in the segment between the surface normal and the

report complementary Faraday cup measurements of the ig@ser propagation axis. The dashed line indicatesether 22° axis along
. i . e

yield and velocity distributions, as a function of scattering“Mch maximum C* emission is observed.

angle, and the dependence of these measurables on the inci-

dent pulse energy. These results serve as input for a simpl&nter axis of the ablation chamber. Prior to evacuation the
two-dimensional2D) model WTCh provides a rationale for gniire Target 2 mount can be rotated manually about the
the observed anisotropy of the’@mission in terms of pref- \artica) axis ¢) and locked in any chosen orientation relative
erential multiphoton excitatiotand ionization of C atoms 4, the |aser propagation axis. The translation stage rasters the
in the leading part of the expanding plasma ball that arg,get in theyz plane relative to the fixed laser focus, thereby
exposed to the greatest incident 193 nm photon flux. allowing each laser shot to ablate a fresh area of the graphite
surface. The focal spot on the target has a total ar®at
mmx1 mm (as measured by profilomejryreflecting the
rectangular spatial profile of the laser output. Given the 40%
Aspects of the apparatus and experimental procedurgansmission to the target, an output pulse energy of 200 mJ
have been reported previousf?? The output of an excimer concentrated into this spot-size would correspond to an av-
laser(Lambda-Physik, Compex 2Dbperating on Arf193  erage fluenceF=20 Jcm 2. The long axis of this profile is
nm, 10 Hz repetition rajeis steered using twd@or three normally aligned vertically in the laboratory framge.,
dichroic mirrors, apertured with an iris and focus@® cm  alongz), but can be rotated through 90° so that the long axis
f.1. leng so as to be incident on a graphite target located in dies in the horizontal Xy) plane by introduction of the third
stainless steel vacuum chamber maintained- 40~ ® Torr.  steering mirror. As Fig. 1 illustrates, this chamber is also
Throughout this text laser output energies are quoted. Thesuipped with a flange designed to support either a Faraday
can be as high as 300 mJ puldewith a fresh gas fill, but the cup detector or a quadrupole mass spectrom@etS, Hi-
combined effects of the steering mirrors, iris and entrancelen, EQP HAS-SPL-4353and incorporates a rotatable car-
window ensure that only-40% of this pulse energy reaches ousel designed to support up to six 1<substrates. Evacu-
the target. The target design and manipulation has evolvedtion, from below, is by means of a 100 mm turbomolecular
with time 1?2 but all experiments reported in this work in- pump backed by a rotary pump. The chamber is also
volved use of one or other of the two following arrange- equipped with appropriate pressure gauges, venting ports,
ments: Target 1 comprised a side-mounted rotatable graphifmower and electrical feedthrougfsFTs, e.g., for ion probe
disk (Poco Graphite Inc., DFP-3-2 graglevith the laser in- measurements facility for introducing metered gas flows
cident at 45° to the surface normal)( in the more recent and, in the top flange, a large quartz viewing port.
arrangement, Target 2, the graphite disk is mounted on a The focal volume adjacent to the target, and the ablation
microprocessor controlled 2D translation sta@#C based plume, are both clearly visible via their accompanying opti-
Stamp2 so that the focal spot on its front face is on the cal emission which can be viewed using a quartz fiber bundle

or QMS

Il. EXPERIMENT
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located behind a lens/iris combination and the observation - LI B B T T
port in the top flange. This arrangement restricts the viewing @
zone to a vertical column of diameter2 mm. The other end N l N
of the fiber bundle abuts the front slit of either of two mono- '
chromators. One is a 125 mm monochromator equipped with © ‘ l
a 600 lines/mm ruled grating and a UV extended CCD array o | . ' l
detectonOriel Instaspec Y. This system provides low reso-
lution dispersed emission spectra. The other is a 0.5 m°
monochromatofSpex 1870 equipped with a 2400 lines/mm
holographic grating and the entrance and exit slit widths of |
which are user selectable. Light emerging from the exit slit ¢ L
of this monochromator is detected with a red sensitive pho- ©
tomultiplier tube(PMT). Higher resolution emission spectra l
were obtained by scanning the monochromator with the slit  °
widths set narrow and passing the PMT output via a boxcar
and a voltage-frequency converter to a PC. Alternatively,
TOF transients of a given emitting species into the columrfIG. 2. Wavelength cﬁsp_ersed spectra of the plume er_nis;ion accompanying
viewed by the optical fiber were obtained using wider slit193 1M PLA of graphite in vacuum, using 200 mJ pufsincident at45° to

. .. . the surface normal and with the long axis of the laser pulse aligned verti-
widths and fixing the monochromator so as to transmit at th@ayy. spectraa)—(d) were recorded along the shaft of purple emission, i.e.,
center wavelength of the appropriate emission feature. Thet 6~ +22° to the surface normal, viewing at distances3, 7, 12, and 20
PMT output was then directed to a digital oscilloscdpe mm from the focal region, respectively. Contrab) with the spectrum

; ; shown in(e), also taken al=7 mm, but now monitoring along thé~
Croy 9361 and then, via a GPIB interface, to the PC for —22° axis. C* emission lines are indicated by the comb abéaje

storgge and SUbs_eqqent data. processing. Zero time Was & indicates lines appearing in second order, while all other lines are asso-
tablished by monitoring the signal from a fast photodiodeciated with ¢ or C2* ions.

positioned so as to detect a fraction of the laser output. Sub-

stitution of a CCD cameréPhotonic Sciengeequipped with

a time gated 4t=100 n3 image intensifier in place of the |5c5lized at the laser focus, and a more extensive diffuse

lens/fiber bundle assembly and viewing through an appProPrigreen emission, which appears symmetrically distributed

ate narrow band interference or short-pass cut-off filter, conz 5t the surface normal and fills the major part of the for-

stitutes another time resolved method of monitoring selecteg| ;.4 hemisphere. Occasional thin bright tracks originating

emissions. Such images provide a particularly clear visualgom the focal volume with seemingly random trajectories

ization of the temporal and sprﬂig\sl Ze:/olution of selected emity ¢ a150 evident. These we attribute to incandescent sputtered
o macroparticle$? At higher F, these emissions are supple-

ters within the ablation plume.
mented by a shaft of purple fluorescence, also originating

The velocity distributions of the positively charged par-
ticles in the ablation plume were also measured by TORyon the focal volume. This emission appears to be distrib-

methods, using a Faraday cup detector. This detector consigigeq asymmetrically with respect to about the surface nor-
of a polished stainless steel plate, 15 mm in diameteryq) |ndeed, when the long axis of the rectangular laser out-
mounted 4 mm behind an annulus supported, 85% transm|but is parallel to the viewing axié.e., alongz) the purple

ting, grounded tungsten mesh. The front face of the plate wagy ¢t |ooks to follow an axis that approximately bisects the
positioned at a distancg=421.7 mm from the focal spot, |55er propagation axis and the surface normal.

along the surfape nor.mail.e., .in thexy plane, at 45? to the Figure 2 shows several low resolutiodX=0.8 nm

laser propagation axisAs Fig. 1 shows, the solid angle \4yelength dispersed emission spectra covering the range
subtended by the detector is further restricted by the presenegs_1025 nm recorded from localized regions of the abla-
of a 2 mmdiam aperture mounted centrally on this axis, i”tion plume resulting from 193 nm PLA of graphite in
the sidearm supporting the flange that Iinks_ to_the QMS&/acuum, using a laser output of 200 mJ pafsdwith its
Faraday cup assembly. The detector was maintained at a ppjng axis aligned verticallyincident at 45° to the surface
tential of —20 V; the current transient associated with the o141 Spectra@—(d) were recorded along the shaft of
positively charged component in each ablation pulse was reﬁurple emission. i.e.. af~+22° to the surface normal

corded using the oscilloscope and PC as for the optical trafysitive ¢ corresponds to angles on the same side of the
sients, as a function of incident pulse energy, and generally,.tace normal as the laser propagation axis, as shown in

Intensity / a.u
<

L

L —_
o
&

L

b

— | A

300 400 500 600 700 800 900 1000
Wavelength / nm

summed over 100 consecutive ablation events. Fig. 1), viewing at distanced=3, 7, 12, and 20 mm from the
focal region. Contrast spectruth) with that shown in(e),
IIl. RESULTS AND DISCUSSION which was also recorded at=7 mm but now monitoring

along thef~ —22° axis. Each such spectrum was obtained
by joining three overlapping 300 nm sections recorded using
The ablation plume arising in the 193 nm ablation ofthe Instaspec IV syster80 laser shot accumulationsThe
graphite in vacuum is clearly visible to the naked eye. Wherdisplayed spectra have not been corrected for the wavelength
viewed from above, at lower fluenceE{25 Jcm ?), the  dependence of the quartz fibre bundle transmission, the grat-
plume appears as a small volume of intense white plasmimg reflectivity, or the efficiency of the CCD array detector;

A. Wavelength dispersed emission
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the overall detection sensitivity peaks-a620 nm and is at
least four times lower at the two extremes of the range dis-
played. All features in these spectra can be assigned in terms
of monatomic carbon species—neutrals and cations. Indeed,
spectrum(a) exhibitsall of the more intense documentéd®
transitions of C and C that lie in this wavelength range
(suggesting a lack of specificity in the excited state produc-
tion procesy while only emissions associated with neutral C
atoms are apparent in spectryg). Additional lines, e.g., at
501.76 nm, 495.76 nm and 459.45 nm, are transitions ap-
pearing in second order associated with, respectively, the
C"(2p%°D°—2s'2p?;?P) multiplet at ~251.1 nm, the
2p*3st;tP°—2p?;!S transition of atomic C at 247.86 nm,
and the D?;'D— 2s'2p*; 1P transition of the " dication
at 229.69 nm. Comparing such spectra recorded at a range of
positions in the plume and at a range of incident fluences
reveals thai) the C* feature is observed only at small
and at the highed¥; (ii) the C" emission line intensities are
greater(relative to those associated with neutral C atpats
smallerd and at highefr; and (iii) only neutral C emission
lines are detected in regions remote from the focal spot and
the purple shafte.g., atd=3 mm for all §<0°). Findings
(i) and(ii) are in good accord with conclusions reached in a
previous OES study of 193 nm laser ablation of graphite,
though we also observe many emission lineg at600 nm
not observed in the earlier work, presumably because of de-
tector insensitivity at these longer wavelengths. In accord
with previous studie$!?’ we see no emission attributable
to electronically excitednolecular species in any of these
spectra, though the characteristic Swan bamﬂBflg FIG. 3. CCD images of neutral C atom emission with 780 nm, recorded
—aqll,) emission of G is clearly visible when the ablation with the intensifier time gateXt= 100 n$ centered ata) 430 ns,(b) 630 ns,
is carried out in background pressures<oll Torr (<133 and(c) 830 ns, following 193 nm PLA of graphite in vacuum. 0 mm defines
Pa of He or Ar. OES, of course, only provides information the front face of the graphite target, t_heT hquzontal Wf:lte line represents the
- ) surface normal, and the laser pulse is incident at 45° to the surface normal
about the(generally small fraction of material that happens as indicated by the white arrow, with its long axis aligned alane)—(f)
to be present in states that decay radiatively. Nonethelesshow the corresponding plots of emission intensity versus distance along the
our preliminary QMS measurements of the energetic posisurface normalx).
tively charged component of the plume generated by 193 nm
PLA of graphite in vacuum reinforce the view that the plume
is predominantly atomic in composition. Preliminary QMS

invegtigations of Fhe ionic fraction show qut three peaks_avvavelength dispersed spectiféig. 2) reveals that neutral C
dominant peak with mass to charge/e) ratio 12 and weak  41oms are the sole carriers of such emission. Obviously, the
features withm/z 13 and 6, which are most readily attributed ,a55ured images are “squashed” 2D projections of a 3D

to ¥C*, 1°C*, and'*C*" ions, respectively. cloud of emitting particles. Nonetheless, it is instructive to
analyze such images in order to gain some measure of the
radial velocity distribution. The right hand paneld)—(f)
show plots of emission intensity versus distance along the
The time evolution of the various emissions was inves-surface normal which, in this case, corresponds to the axis of
tigated both by time gated CCD imaging and by using themaximum emission intensity. Figure 4 shows a plot showing
fiber bundle/monochromator/PMT combination to measurghe x value of the median of the intensity distributidie.,
TOF transients of wavelength selected emissions through the point dividing the faster and slower halves of the distri-
spatially localized and defined viewing column. Figuresbution measured in a series of such images taken every 0.1
3(a)—3(c) display time gated £At=100 ng intensified CCD us after the laser pulse vs delay time; the gradient of the line
images obtained by monitoring all detectable emission transsf best fit implies a mean propagation velocity for the distri-
mitted by a long wavelength band pass filter opaque. to bution of emitting neutral C atoms,,=21+1 kms 1. Im-
<780 nm, recorded at three different times following 193age analysis also allows estimation of the full-width half-
nm PLA of graphite in vacuum. Again, the long axis of the maximum (FWHM) velocity spreads of the measured
laser output was aligned vertically in the laboratory frame. Gemission intensity profiles along any selected slice, e.g., par-
mm defines the front face of the graphite target, and the laseallel (év,) and perpendiculardvy) to the propagation axis.
pulse is incident at 45° to the surface normal. Analysis of theDispersion velocitiesv,=28+1 kms ! and ovy=24*1

@

©

| LR PO L AL
0 10 20 30 40

Distance / mm Distance / mm

B. Time resolved imaging of species specific
emissions
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FIG. 4. Medians of the intensity distributions alomg(O), and FWHMs
(6vy (O) and 6v,(V), derived from time gated CCD images of the neutral
C atom emission such as shown in Fig&l)3-3(f), recorded as a function of
delay time after the laser pulse. The gradients of the lines of best fit give one
measure of the propagation and dispersion velocities for the emitting neutral
C atomsp,=21*1 kms ', su,=28+1 kms !, sv,=24=1 kms .
®

km s ! were derived in this way, suggesting that the emitting
C atom component within the ablation plume is propagating
and expanding at comparable rates.

Such behavior should be contrasted with that displayed
by the emitting C ions, which we choose to monitor via the
4f1:2F°3d%;?D transition at~426.71 nm. This closely
spaced doublet emission was isolated by imaging through a
narrow band interference filter with peak transmission at I
426.7 nm and 3 nm transmission FWHM. As Fig. 5 shows,
the C" emission following irradiation of the graphite target
with the beam incident at 45° to the surface normal is CONgg, 5, Time-gated &t =100 n3g intensified CCD images of the 426.71 nm
centrated in a faster moving plasma ball that evolves alon@* emission accompanying 193 nm PLA of graphite in vacuum. The three
an axis roughly midway between the laser propagation axitime windows shown are as in Fig. 3 and, as in that figure, 0 mm defines the
and the surface normal. As with the neutral C atom emisjront face of the‘gré_.lphite target, and Fhe Iaser pulse is _incifjent at 45°_ to the

. . . . . surface normalindicated by the horizontal lineand with its long axis
sions discussed above, analysis of such time-gated imag

- . = §§gned alongz. (d)—(f) show the corresponding plots of emission intensity
provides a measure of the mean propagation velocities of thg distance along thé=+22° axis.

emitting C" ions (v, ~40+1 kms ! along theg=+22°

axis) and of the dispersion velocities parallel and perpen-

dicular to this axis 6v,e=11+1 km s ! and 80 per= 16 velocities parallel and perpendicular to this axi@ (=17

+1 kms 1, respectively. Figure 6 shows “white” images *1 kms* and dvpe=11+1 kms '), very similar to
(i.e., obtained with no filter on the camertmken at three those measured with the laser pulse output aligned atong
other angles of incidencgl 1°, 30°, and 60°). These serve  Such species selective, time lapse images of the plume
to confirm the generality of the observation that thed@nis- ~ provide one direct, and very visual, means of monitoring the
sion accompanying 193 nm ablation of graphite in vacuurrblation plume and of estimating the propagation velocities
(with the long axis of the laser output aligned alongex-  of the various constituents within the plume. The fiber
pands along an axis that is approximately centered on theundle and Spex monochromator plus PMT assembly allows
angle bisecting the laser propagation axis and the surfag@easurement of TOF transients of wavelength selected emis-
normal. Previous studi&&®of pulsed laser ablation of graph- Sions through a user defined, and spatially localized, viewing
ite at both 193 nm and 248 nm have noted the differenfegion. It therefore provides an alternative route to estimat-
propagation characteristics of the” Gind C emission com- ing plume expansion properties. Figure 8 displays represen-
ponents, but the directionality of the ball of @mission was tative transients recorded for the"Gon emission at 426.71
less evident. Figure 7 suggests a possible explanation. TH¥N with the viewing column centered at, respectively:4,

ball of C* emission observed when the laser is incident a8, and 12 mm from the focal point, anft= +22°. The ac-
0=45°, but with the long axis of the output now aligned companying plot ofd againstt (the time corresponding to
alongy (i.e., rotated so as to be perpendicular to the obserthe median of the emission waveforns linear; its slope
vation axig, is observed to propagate alorég-10° (i.e.,  implies a propagation velocity , ~42+1 kms ! for these
much closer to the surface normalnalysis of a time se- C*jons, in good agreement with that deduced from the time
quence of such images yields a mean propagation velocityyated imaging above and the val@ km s %) estimated by
v,.~40+1 kms ! along the#=10° axis, and dispersion Puretzkyet al?® from analysis of time gated images of the

TLITTITEI T TTeel. [T e e P pr ey
10 20 30 40 O 10 20 30 40
Distance / mm Distance / mm

Downloaded 05 Jan 2001 to 137.222.40.91. Redistribution subject to AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.



702 J. Appl. Phys., Vol. 89, No. 1, 1 January 2001 Claeyssens et al.

510 30 30 40
Distance / mm

FIG. 7. CCD images of the 426.71 nm*€&mission, recorded with the
intensifier time gate4t= 100 n3 centered ata) 430 ns,(b) 630 ns, andc)

| TR S T R 830 ns, following 193 nm PLA of graphite in vacuum with the laser pulse
O 10 20 3 40 incident at 45° to the surface normal. Again, the various images have been
. cropped top and bottom for display purposes and 0 mm defines the front
Dlstance / mm face of the graphite target but, in contrast to Fig. 5, the long axis of the laser

output is now aligned alony (i.e., perpendicular to the observation axis

FIG. 6. Time-gated intensified CCD imagestE 100 ns centered at a delay

of 430 ng of the total emissioriwhich, given the camera response function, ) . . ) . .

is dominated by the 426.71 nm transition of Caccompanying 193 nm  that deduced from time gated imaging studies shown in Fig.

PLA of graphite in vacuum, recorded @ 11°, (b) 30°, and(c) 60°. Asin 3 put still slower than the more localized"Gon emission.

Fig. 3, 0 mm defines the front face of the graphite target, the horizontal lin - . P—— T

indicates the surface normal, and the long axis of the laser output is 251IongeB,ef0re dlscussmg the S,Igmflcan_ce’ and ,Some of the limita

Each image has been cropped top and bottom for compactness of displations of such OES studies, we first consider another type of
measurement which can provide complementary information
about the motion of positively charged particles in the ex-

. o . anding plume.
fastest component in the total emission resulting from Aer gp

laser ablation of graphite in vacuum2C dication and C

neutral emission features were investigated similarly. TOFE: Faraday cup measurements

spectra of the second ordef Cemission, albeit over a much Figure 9a) displays TOF transients of the positively
smaller range ofl, suggest a similar propagation velocity for charged material within the ablation plume, obtained using
these dications directed alorgg= +22°, while analyses of |aser output pulse energies of 50, 100, 150, and 200 mJ, each
TOF transients of selected neutral C emissi@g., the in-  incident at 45° to the surface normal, measured using the
tense!P°—!S transition at 247.86 ninimply v,~33+1 Faraday cup detector located on thaxis with its front face
kms! along the surface normal—somewhat greater tharat a distancel=421.7 mm from the target. The solid curve
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FIG. 9. (a) TOF transients of the positively charged component of the ab-
' lation plume resulting from 193 nm PLA of graphite in vacuum, using
4 1 output pulse energies of 5@), 100 ), 150 (A), and 200 mJY) each
b incident at 45° to the surface normal, measured using the Faraday cup
0 . Y v r T v ) detector positioned at a distande-421.7 mm from the target. The solid
03 04 05 06 07 08 09 curve through the 150 mJ profile shows the result of a least squares fit in

terms of Eq(1), with best-fit parametens=30.5 km s * andT=185 000 K.
(b) shows the velocity distributions that derive from the experimental TOF
profiles.

Time / ps

FIG. 8. TOF transients of the'Cion emission at 426.71 nm emanating from
vertical columns centered &= +22° and at, respectivelyl=(a) 4, (b) 8,

and (c) 12 mm from the focal origin. The plotd) of d vst_(the time
corresponding to the center of gravity of the emission wavefasntinear; biguity in the literature as to whether the appropriate pre-

its slope implies a propagation velocity, =42+1 km s . exponential factor in Eq.1) when using a flux-sensitive de-
tector should include & ° or t~* term. In practice, either
function gives an equally good fit to TOF profiles such as
through the TOF profile recorded at 150 mJ pufseerves to  those shown in Fig. 9; the best-fit values are found to
illustrate that the TOF signaB8(x,t) are each well described decrease and the bestditvalues to increase, in both cases
by a shifted Maxwell-Boltzmann velocity distribution of the by <10%, if the pre-exponential term in e() involvest —*

form, rather thart 5.
—m/x 2 The velocity distributions that derive from these TOF
S(x,t)oct‘%xp[m_({— ) ] (1) profiles, displayed in Fig. (®), show that both the total ion
signal and the mediany ., of each velocity distribution

where S(x,t) is the space- and time-dependent particle fluxscale with increasing incident energy. These trends are sum-
incident on the Faraday cup detector dnisithe TOF, and’  marized in Fig. 10, where the mean ion kinetic energy has
(the local equilibrium temperaturendu (the flow velocity  been calculated on the assumption that the charged particles
parallel to the surface normaire parameters to be floated in havem/z 12. Interestingly, the plot of kinetic energy vs in-
the fit. Such a function is generally assumed to provide aident pulse energlfFig. 9c)], though roughly linear, has a
valid description of the TOF profile of ablated flux in casesmuch shallower slope than that reported previously in the
where a Knudsen layer is formét?®?° Given previous case of 308 nm ablation of graphite in vacuthfigure 9a)
estimate$' (from target mass loss measuremgritst the C  reveals ion production at very low incident fluences, in
atom removal rate in these experiments~40 pulse ! marked contrast to the OES measurements in which forma-
when using an output energy of 200 mJ putsetogether  tion of electronically excitedC* ions (i.e., the purple shaft
with representative collision cross section and velocity val-was evident only above a certain threshold energy, but the
ues of~0.2 nnf and 40 kms?, respectively, the requisite deduced velocitiege.g.v, =42.5t1 kms ! for an output

few collisions deemed necessary for Knudsen layer formapulse energy of 200 mJdnatch well with those derived from
tion close to the surface will occur within the first few ns of the OES studies of Cemission. However, the CCD imaging
the laser pulse. We note, in passing, that there is some anstudies also showed the distribution of emitting €pecies
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incident fluence at any given pulse energy. Nonetheless, as
Fig. 11(a) shows, the angular distribution of the total ion flux
measured in this way, at all incident fluences, peak® at
=0° (in contrast to the OES observatigrmd conforms to a
cod'g distribution with g~5, thereby reinforcing previous
conclusion® that the distribution of the total ion flux distri-

A 1 2
o~
o
~—

Signal / a.u

J g bution is considerably more isotropic than that of thé C

l g/a/ ions evident in OES. Given this grid of measured TOF spec-

& . —— 1 . tra it is also possible to determine the way the velocity dis-

0 50 100 150 200 250 300 tribution varies with scattering angle. Knowirt it is pos-
Pulse Energy / mJ sible to transform any measured TOF profile into the

associated velocity distribution; Fig. @ shows that the
median velocity,y , , also peaks ab~0° and exhibits an
angular dependence that scales as'@owith a best-fitq
value that rises from-0.8 (for 50 mJ output pulsggo ~1.3
(when using 200 mJ pulsedt is also possible to fit each
measured TOF profile in terms of a function analogous to
Eq. (1) but which now, since we are concerned with material
ejection along axes other than the surface normal, involves
i ——r velocity components both parallel and perpendiculgr to
150 200 250 300 X, i.e.,
Pulse Energy / mJ s p‘ m (Xi )2

V) _ S
1 (©) P S(X;,Yi,t) <At > ex KT, | 1 u

m (y\?
2kTy( t ) } @
Only T, was floated when fitting TOF spectra recorded at
0#0°; u and T, were clamped at the values determined
from analysis of TOF spectra of ions ejected along the sur-
face normali.e., using Eq.(1)] at the same incident pulse
0 50 100 150 200 250 300 energy. Best-it values af, T,, andT,, and their variation
with incident pulse energy, are shown in Figs.(dland
11(d). The corresponding full width half maximutRWHM)
FIG. 10. Plots illustrating the variation ¢#) total ion yield, (b) the most ~ velocity spreads parallel and perpendicular to the surface

probable velocityp, (1), and the median velocity; . (0), and(c) the  normal, sv, and v, , are deduced from the relationship
mean ion kinetic energycalculated on the assumption that the charged

particles havem/z 12) with pulse energy, using 193 nm pulses, incident at 8ka(y) In2
45° to the surface normal, on a graphite target in vacuum. The error bars in 5vx(y) = T, 3)
(a) show the reproducibility of five separate measurements of relative signal
strengths as a function of pulse energy, each set of which has been ar%hich follows from assuming that the veIocity spreads in the
trarily normalized to the unit signal &=75 mJ pulse?, while those in(b) . . . . .
and (c) are standard deviatiordo) of the absolute velocities determined X andy directions may be described by Gaussian functions.
from, typically, five measurements at each energy. The solid curves in eaclReviewing these fits, and the plots shown in Figs. 10 and 11,
plot are fourth order polynomial fits to the various data sets. we note for future reference that thatal ion distribution in
the plume at the highest incident fluences used here is well
described by a shifted Maxwell-Boltzmann distribution

to be highly asymmetric about the surface normal—at variPropagating along the surface normal with a flow velocity,

ance with previous ion probe studies which suggested a fa#~35 kms ', and dispersion both parallebg,) and per-

more uniform recoil distribution of theotal ion flux.* pendicular ¢v,) to this axis of ~25 kms* (FWHM).
This paradox has been investigated further using the Farthese values will be used later in a simple model designed to

aday cup assembly. Experimental constraints mean that trecount for the observed asymmetric @mission.

axis along which the laser is incident and the ion detection

axis had tp be held_ con_stant. Tq investigate the variation i'?v. DISCUSSION

scattered ion flux witto (i.e., relative to the surface normal

it was thus necessary to vary the angle of incidence on the Three different strategies, two based on OES, the other

target, by rotating the target assembly aboutztexis, and on use of a Faraday cup, return similar values for the propa-

measuring TOF transients such as those shown in Fig. 9, asgation velocity of the ionic component within the plume aris-

function of both the laser pulse energy and its angle of inciing in the pulsed 193 nm laser ablation of graphite in

dence. Inevitably, this procedure must cause some change acuum. Estimates of the propagation velocity of the neutral

the footprint of the focal spot on the target, and thus in theatomic C component determined by the two forms of OES
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FIG. 11. Plots showinga) the angular variation of the total positive ion signal arising in the 193 nm PLA of graphite in vacuum, using output pulse energies
of 50 (), 100(0), and 200 mJ4). These measurements were made by rotating the target so as to vary the angle at which the laser pulse was incident, with
the Faraday cup detector fixed on an axis at 45° to the laser propagatiorfbatise angular variation of the corresponding values. In both cases),

=0° corresponds to the case that the target surface normal coincides with the detection axis. The smooth curves through the points are fits in%&rms of cos
distributions, with the best fij value indicated in each cade) and(d) show, respectively, the deduced center-of-mass velagignd the velocity dispersion

parallel, sv, (O), and perpendiculaidv, (O), to the surface normal, each as a function of incident pulse energy. The solid lines in these two panels are fits
(using fourth order polynomialdo the data. As in Fig. 9, the error bars(@ show the reproducibility of several different measurements of relative signal
strengths as a function of pulse energy, each set of which has been arbitrarily normalized to be the samefsidifgl ahile those inb), (c), and(d) are

standard deviation€lo) of the absolute velocity spreads determined from the various measurements at each energy.

show more variation, but consistently indicate th_aI gas phase, well after cessation of the pulsed laser excitation.
>v_m in accord with previous studi€®?® Such observa- Electron i.mpact excitatior(lEI.E) during plume expansion is
tions are consistent with contemporary models of UV lasen€ Possible route for forming excited state species, the ef-
ablation in which the laser pulse induces localized surfacdiciency of which should fall with decreasing number den-
excitation and rapid heating, leading to photo- and thermiSity, and thus increasing On this basis, EIE induced emis-
onic electron emission closely followed by ejection of posi-Sion should be most efficient at smalll and thus favor the
tive ions, which are accelerated out of the focal volume as &OWer moving particles. That being the case, OES might be
result of Coulombic attractiortby the expanding electron expected to underestimate the actual plume propagation ve-
cloud and repulsion(by other ions at smalled) before locity. However, the EIE mechanism also requires the elec-
reaching some terminal propagation veloéfySpecies trons and the atoms/ions to be proximate. Given that the
ejected into the vacuum as neutrals are not subject to thiglectrons and ions have similar propagation velocitidmth
Coulombic acceleration, whilst neutrals that result from gaf which are greater tham, , it might follow that EIE would
phase ion—electron recombination in the derisarly time actually favor that subset of the total flux distribution that
regions of the plume will only experience this accelerationwas propagating at similar speeds to the expanding electron
prior to neutralization and thus attain a lower terminal veloc-cloud(i.e., the faster part of the neutral velocity distribujion
ity. More careful inspection, however, reveals other differ-EIE of C atoms and € ions is generally spin conservidg.
ences between the various measurements. Most notably, tAdus, if EIE is the major route to the observed emissions, the
CCD imaging studies suggest a far more localized distribufact thatall C and C" emissions that fall within the moni-
tion of C* species(both in the radial and angular coordi- tored wavelength range are indeed obser(fd. 1) would
nate$ than is indicated by either the present, or previtlus, imply the formation of both groungriplet) and excitedsin-
ion probe measurements. glet) C atoms in the ablation process. However, many of the
Here we concentrate attention on possible mechanismsmissions originate from very energetic excited states, e.g.,
for producing the electronically excited species monitoredthe *P° excited state of € responsible for the 432.2 nm and
via OES and, in particular, the origin of the localized shaft 0f359.1 nm emissions observed along the +22° axis at
C* emission. The radiative lifetimes of the various excitedshortd lies 25.98 eV above the ground state ion and 37.25
species are far shorter than the timescales over which emigV above the ground state of neutral carbon. Such high lev-
sion is observed. Thus the emission observed at latgaust  els of excitation are hard to reconcile with simple EIE in-
be from excited states that are populated post-ablation, in théuced by electrons propagating with mean kinetic energies in
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the meV rangé! Neither does an EIE mechanism provide a
particularly obvious explanation for the observed highly lo- A d
calized C" emission.
Another mechanism for forming electronically excited I

species is electron—ion recombinatidBIR). This requires
the presence of a third body to stabilize the recombination
product, and should thus also be most important at schall 1\
EIR would encourage the conversio? 'G-C*—C, in ac-
cord with thed dependence of these various species revealed
by the OES studies. EIR will favor formation of Rydberg A u
states with high principal quantum number, since these
recombination products require least energy transfer to the y
third body. Many of these Rydberg states will be formed not <A—>
just with highn but also high (wherel is the orbital angular Y
momentum quam.um numbellegn.theAl = i 1 selection FIG. 12. lllustration of the 2D model to account for the observation of
rule associated with allowed radiative transitions, these spersymmetric ¢ emission. The front face of the target lies in te plane,
cies can only radiate by a cascade mechanism. The initiafith the surface normal directed alomg The incident laser radiation, and
steps in this cascade will involve Rydberg—Rydberg transithe ejected material, are confined to theplane. This space is partitioned
fi t | th: th tial dt | extent into a mesh of 7% 75 rectangular grid cells, chosen so as to span the entire
lons at long Wav_e e_ng » (e spatial and temporal ex en_ o y space into which sputtered material can travel by the cessation of the
the observed emission plumes would then reflect the tim@ser pulse. The pulse of laser radiati@f duration,t = 20 ng is assumed
taken for the population in high,l states to cascade down to have a “top hat” intensity distribution, in both space and time, and to be
into the observed emitting levels. The observation of emisincident as a parallel shaft in they plane, at an angle to the surface

. f ited stat f both C d a Vi normal, so as to irradiate the target surface over a length distributed sym-
sions lrom excl el S a es 0 0 an nvo VII’.Ig metrically about the poing=0. This length is treated as 21 identical pixels
...ng"and .. .nf* configurations and of sequences like  of width dy, each of which will serve as a source of ablated particles, while
the ejected particle density from each pixel is distributed over 185 radial
spokes, distributed uniformly distributed throughout the angular range
—90°< #<90° with a velocity distribution given by Ed2).

——

646.1 nm 426.8 nm
2s%6g%,°G — 2s%4f4%F° — 2s%3d%°D

723.5nm e 1. 658.2 nm o 1.
. [0} .
— 2873pTRT = 2873857 treated as being identical, and each pixel within the length
in C*, encourage the view that radiative cascade accountdy is assumed to contribute equally to the total ablation
for the apparently delayed emission. Clearly, wavelength revield. In this simple model the ejected particle density from
solved OES measurements at longer infrared wavelengtr%aCh pixel is distributed over 185 radial spokes, distributed
would help in confirming the importance of EIR processes. Uniformly throughout the angular range90°< #<<90°.

We now proceed to show how the localized @mis- Modeling of the laser interaction is subdivided into 20
sion, its directionality, and its sensitivity to the orientation of time steps, each witht=1 ns, so as to span the entire laser
the laser output, are all explicable in terms of EIR following Pulse duration. During the first time stef,, a total ofN,;
laser—plasmdrather than laser—targeinteractions; indeed, particles are ejected into the gas phase. Each source pixel
we will show that such observations are a signature of laser&ontributes equally td\N;. Each ejected particle is given a
plasma interactions. To this end, we have implemented aRarticular velocity(defined relative to its particular cell ori-
approximate 2D “particle in the cell” type model which gin) chosen such that the ensemble of velocity vectors mim-
provides a rationa|e for the Observed anisotropy Of tH’e C iCS that deduced from al’la|ySiS Of the ion yleld ariSing in the
emissions, and identifies various parameters which will tendnigh fluence regimgi.e.,u=35 kms *, and with a Gaussian
to enhance or degrade such anisotropic optical emission frofPreadsv,= év,=25 km s ' (FWHM) in both thex andy
ablation plumes. Key features of the model are summarizeflirectiong. Each particle is ascribed an associated density,
in Fig. 12. As in the experiment, the front face of the targetei» Which is initially set to unity. This is necessary if, as
lies in theyz plane, with the surface normal directed along here, the interest is in possible laser—plume interactions,
Al of the present calculations consider material ejection jusgince plume material in the column exposed to laser irradia-
in the xy plane. This space is partitioned into a mesh oftion can attenuate the incident beam, and thus reduce the
75X 75 rectangular grid cells, chosen so as to span the entidight intensity incident on the target and the ablation
“yolume” into which sputtered material may have travelled Yield.**® This attenuation is modeled using the Beer—
by the cessation of the laser pulse. The pulse of laser radi&ambert expression,
tion (of duration,At=20 n9 is assumed to have a “top hat”
intensity distribution, in both space and time, and to be inci-  1(d)=lgexg — ap(d)(dma—d)], 4
dent as a parallel shaft in they plane, at an anglé to the
surface normal, so as to irradiate the target surface over where the absorption coefficient, is assumed to be inten-
length distributed symmetrically about the poynt 0. This  sity independentp==,p; is the local density within a grid
length is treated as 21 identical pixels of wid#i, each of cell distantd from the focal region, and,= (ucos¢
which serves as a source of ablated particles. All particles are 2v,)At is taken as the maximum distance any material can

Downloaded 05 Jan 2001 to 137.222.40.91. Redistribution subject to AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.



J. Appl. Phys., Vol. 89, No. 1, 1 January 2001 Claeyssens et al. 707

(b) 50% () 75% High

FIG. 13. Linear gray scale plots illustrating the calcu-
lated spatial distribution ofotal ablated flux in thexy
plane att=0.5 us, for a laser pulse incident at 45° to
the surface normal---), with Ay=0.2 mm andAt
Low =20 ns, assumingu=35 kms?, &v,=dv,=25
km s ! (FWHM) and three different “strengths” of the
absorption coefficienty [such that the time integrated

X /mm

251 (d) 25% [ ] (e) 50%

absorption corresponds @ 25%, (b) 50%, and(c)

20 : 3 75% of the incident light intensity, respectivélyanels
E 15 ) i ) (d)—(f) show the calculated distribution of excitation
; <:> / density, p, within the plume given these same three

10 4 1 absorption strengths. Note that the gray scales used in

5 1 plots (a)—(c) and (d)—(f) are separately normalized.

/7
05 0 5 10 05 0 5 10
Y /mm Y /mm

propagate within the 20 ns laser pulse duration. In the limitspot size Ay [(b), center panéland the pulse duratiof{(c),
that «a—0, the incident beam suffers no attenuation andoottom panel The qualitative trends evident i@ and (b)
[ (dmad =1o- are in accord with the experimental observatidfigs. 6 and
During successive time steps, particles generated during).
all previous time steps will continue to propagate forward,  The model calculations support the view that asymmet-
and additional plume material will be produced as a result ofic plume excitation will generally be most evident in experi-
the (attenuatef laser beam striking the target surface. Toments which(as herg involve laser pulses incident at an
allow for possible plume absorption, the densityin each  angle away from the surface normal, of long time duration,
grid cell is calculated at the end of each time step. EquatioRng that are tightly focused such that the focal spot size on
(3) is then used to calculate the intensityd) incident on,  the target in the viewing plane\fy) is small compared to the
and exiting from, each grid cell during the next time step.qistance @) that material can travel during the laser
Consider two neighboring cells along a radius within thepse. The simulations shown in Fig. 14 indicate that the
irradiated column at positiort, andd,,;(dy>dn-1), €ON- apisotropy will be reduced by expanding the size of the focal
taining respective densitigs, andp,-, . We define an ex- gyt (as found experimentally, Fig.)7or by reducing the
citation densityE(t) for the former grid cell as pulse duration. A more critical comparison between experi-
En(t)={pn[1(dy)—1(dn_1)}(t), ) mental observation and the model predictions indicates that

. . . ) .._.._the latter tend to underestimate the observed asymmetry of
for the time step of interest and obtain a final, total excnauonthe C" emission. Clearlv. one contributor to this discrepanc
density for this cell via the summatiap® "E,(t). Excita- ' Y pancy

tion decay is not included in the model. After 20 ns all gasIS our use in the model of the "asymptotic” particle velocity

: . T distribution, i.e., the distribution measured at long time, after
phase material production and excitation is assumed to ceasg, . o
SFormatlon of the Knudsen layer. Within the context of the

and the motion of all particles can be extrapolated to longe oo .
time to compare with the experimental observations. model as posed, however, excitation of gas phase material
Figure 13 shows—in the form of linear gray scale will be most efficient in the very early part of the laser pulse,
plots—the spatial distribution dbtal ablated flux in thecy ~ P€fore the Knudsen layer is fully developed. Equati@n
with u~0 should provide a better description of the initial

plane predicted by this model &t 0.5 us, for a beam inci- -V STVUR TR !
dent at 45° to the surface normal, withy=0.2 mm and velocity distribution of the ablated material in the early time,

At=20 ns, assuming=35 kms %, dv,= Svy=25 km st low-density, near collision-free limit. The distribution of ex-
(FWHM) and three different “strengths” of the absorption Citation density that results from assuming such a function is
coefficient,a [such that the time integrated absorption cor-much more asymmetric. Clearly, a better match with obser-
responds tqa) 25%, (b) 50%, and(c) 75% of the incident Vvation can be obtained by makinga time dependent func-
light intensity, respectively Clearly, plume absorption re- tion, but we are satisfied that the present limited calculation
duces the overall ablation yield, but its effect is more obvi-suffices to demonstrate the source of the observed asymme-
ous in the complementary plofEigs. 13d)—13(f)] showing  try of the C™* emission.

the predicted distribution of excitation density within the ~ Figure 13 also serves to emphasize that such effects will
plume. The anisotropy evident in these latter plots is remifbe most evident where there is significant absorption by the
niscent of that observed in the time gated CCD images of thelume. Experiments employing longer duration, high energy
C" emission. Figure 14 shows the predicted variation in thepulses will tend to produce a longer, denser column of ab-
anisotropy of the excitation density with the angle of inci- lated material through which the beam must propagate to
dence ¢, of the exciting light pulsg(a), top pane], the focal reach the target; plume absorption is likely to be more im-
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Low

FIG. 14. Predicted variation in the anisotropy of the
excitation densityp, with (a), (top panel the angle of
incidence,¢, of the exciting light pulsdindicated by
---), (b), (center panelthe focal spot sizeAy, and(c)
(bottom panelthe pulse durationAt. Parameters used
in the simulations are 200 mJ output pulse energy,
u=35 kms, sv,=dv,=25 kms* (FWHM), 50%
absorption by the plume, viewed &t0.5 us.

portant. Processes that might contribute to the attenuation débr further absorption and ionization processes, specifically
incident radiation by an ablation plume include scatteringjn those regions of the plume that are exposed to the most
and absorption—either resonant, or as a result of electronprolonged and intense laser excitation. These would be the
neutral and/or electron—ion inverse Brehmstrahitthhghe regions identified as receiving the greatest excitation density
latter two processes are often discounted as significant coin the simple model calculations reported above and, quali-
tributors to plume absorption when using excimer lasetatively at least, these correlate with the observed localized
pulses because of tiie) small absorption coefficient of elec- shaft of C* emission.

trons at short excitation wavelengths afil presumed low

degree of ionization(and thus the electron densityHow-

ever, this assumption may merit closer scrutiny in the case of coNCLUSIONS

both ArF and KrF laser ablation of carbon targets since two

low lying metastable excited states of atomic carljtre Electronically excited specie€C atoms, and C and
2p%:'D and 2p?;'S state$ coincidentally have strong one C?>* ions) in the plume accompanying 193 nm PLA of
photon absorptions that fall within the respective excimergraphite in vacuum have been investigated by wavelength,
laser bandwidth&>?® Pappaset al!? have highlighted the time and spatially resolved OES, while the positively
particularly good resonance between thep'2s:;P°  charged component has also been investigated using a Fara-
—2p?;1D transition at 193.09 nm and the peak of the ArFday cup detector. The temporal and spatial extent of the op-
excimer laser output. Given that thB state of atomic car- tical emissions are explicable if it is assumed that the emit-
bon lies at an energy 1.263 eV above that of tReground  ting species result from electron—ion recombination
state, and assuming a typical surface vaporization temperg@rocesses, and subsequent radiative cascade from the ini-
ture T,~4500 K in the focal spot on the graphite target, tially formed highn,l Rydberg states. The C neutral emis-
simple thermodynamic considerations would suggest thasion is observed to be distributed symmetrically about the
~2% of the ablated C atoms will be formed in the metastablesurface normal, but the observed @mission is seen to be
excited state. The®3s;'P°—2p2;1D transition must pro- localized in a rather narrow solid angle between the laser
vide strong resonance enhancement to the two photon iopropagation axis and the surface normal. However, the
ization of these atoms in the plume; at the prevailing lasecomplementary Faraday cup measurements of the ion yield
intensities this will be a very efficient process and greatlyand velocity distributions, as a function of scattering angle
enhance the local electron and ion densities. This, in turnand incident pulse energy, indicate that thtal distribution

will lead to an increase in the local absorption due toof positive ions also peaks along the surface normal. The
electron—neutral and, particularly, electron—ion inverse Brevelocity distributions so derived are used as input for a
hmstrahlung which, having a continuum spectrum, can intersimple two-dimensional model which provides a rationale
act with all photons within the ArF laser bandwidth. Thus for the observed anisotropy of the"Gmission in terms of
the initial resonance enhanced two photon ionization is conpreferential multiphoton excitation and ionization of C spe-
sidered to act as a localized, and highly nonlinear, “seed”cies in the leading part of the expanding plasma ball that are
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