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Dynamics of the plume produced by nanosecond ultraviolet laser ablation of metals
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The dynamics of the ablation plume of a partially ionized plasma produced by a nanosecond UV laser with
different irradiation spot geometries has been explored. We have used an ensemble of quartz crystal microbal-
ances to make the first systematic and quantitative study of how the shape of the plume varies as the aspect
ratio (b/a) of the elliptical laser spot is varied by about a factor of ten. The flip-over effect can be described
by the adiabatic expansion model of Anisimev al. using a value of the adiabatic constant of abqut
=1.4. We have also studied the forward peaking of the ablation plume for a large number of metals at the same
laser fluence. Contrary to earlier reports, we find that the more refractory metals have the broader angular
distributions.
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[. INTRODUCTION complex process, which may involve vaporization and phase
explosion?3~% For the emission of neutrals during ablation
The interaction of a pulsed-laser beam with a solid lead$he evolution of the plume can be characterized by the for-
to a complicated sequence of procegs%High intensity ns mation of a Knudsen Iayérpver which the velocity distri-
laser pulses have been used both for fundamental and appli®dtions change from a half-space to a full three-dimensional
studies for more than two decades, but many of the basigistribution. In the present work we base our analysis of the
phenomena occurring during laser irradiation of solids arélynamics of the plume on the geometrical shape rather than
not yet fully understood. The formation and expansion of &9" the Internal composition or the internal distribution of the
plume produced by laser beam irradiation of a surface is thelume particles.
starting point for studies of plume dynamit€ film produc-
tion by pulsed laser depositidnt?and microanalysié? Sur- Il. PLUME DYNAMICS
prisingly, there is no complete theoretical treatment of a
time-limited expansion process, even for a neutral expanding Since at the end of the laser pulse irradiation the lateral
plume#14-18 dimensions exceed the thickness of the plume by several
Generally, the interaction of a ns laser beam with a targebrders of magnitude, the higher value of the pressure gradi-
can be described as a three-stage prod@ssfifectively in-  ent along the surface normal drives the plume motion prima-
stantaneous conversion of absorbed laser light to Keat, rily in forward direction. The pressure gradients parallel to
evaporation, and possibly strong explosive ejection duringhe surface are much smaller and lead to a correspondingly
the later part of the laser pulse leading to the generation of alower plume expansion in lateral direction. Actually there
dense plume of vapor with atoms and clusters and plasmayre three plume characteristics reflecting the initial shape of
and(iii) finally a three-dimensional expansion of the plume.the plasma plum&'61’ These arga) the strongly peaked
Essentially, the first two stages can be considered as orangular distribution of ablated atoms perpendicular to the
dimensional. For an irradiated area of the order of 1%tie  surface, (b) the flip-over effect of the plume, antt) the
dense plume is comprised of a layer which may be about 10Broadening of the angular distribution with decreasing laser
pm thick at the end of the pulse depending on the lasebeam spot. The first effect, the forward peaked distribution,
fluence. The two first stages are partly simultaneous, sincis well known®>2° The flip-over effect occurs when the
the laser heating of the solid through the initially generatecplume produced by an elliptical or rectangular laser beam
plume continues until the end of the laser pulse except aspot evolves in such a way during expansion that the major
very high intensities, for which the plume becomes opdque.axis of the expanded plume lies at 90° to that of the initial
For ns ablation at comparatively low intensities a significantspot. This effect is particularly distinct for a laser spot which
fraction of the laser energy can be absorbed by the plumas very narrow in one direction. This lateral expansion of the
Even at intensities close to the threshold for abla{i@r2—  plume can also be explained on the basis of the initial pres-
1.0 GWi/cnf) a considerable part of the plume is sure gradients’?2 The common origin of these phenomena
ionized!®-2! After the end of the laser pulse there is little is a key-point for the analysis of the plume expansidfihe
further transfer of energy or material to the ablation plume present work is a combined study of the two first effdels
The subsequent adiabatic expansion of the ablation plume ithe width of the peaked angular distribution & the flip-
stage(iii ) is largely determined by the shape of the plume atover effect. The effect of the size of the laser beam spot on
the end of the laser puldé1617.22 the width of the angular distributiofc) has been studied
The initial formation of the plume in stad® and(ii) isa  thoroughly by other group®¥:14.26:27
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NGYAG n chamber geometry as used earligig. 1).2°3%3"The dura-
2 = 355 nm K| Mirror tion of the laser pulse was 6 ns and the fluence was 2.0?J/cm
atg?lﬁ?tor corresponding to an intensity of 3<A0® W/cn?. The area

of the laser beam spot was 0.040.005 cni, but the shape
Cylindrical Lens —— was changed during the measurements of the flip-over effect.

f=100 cm The size and shape of the beam spot were evaluated from
photographs of the laser footprint on the target.
?Br;%rg)cal Lens <l The angular distribution of the ablated flux was measured
= oo in situ 80 mm from the target using a circular array of eight
Window quartz crystal microbalancé®CM'’s) in the horizontal plane

as shown in Fig. 1. The crystals were located at 10°, 15°,
23.5°, 30°, 37.5°, 45°, 60°, and 75° with respect to the sur-
face normal, and each crystalcha 6 mmdiameter active
area. Each run was taken on a fresh target spot, typically
with 200-400 pulses with a repetition frequency of 0.1 Hz
and with a subsequent relaxation time for the crystals of 4—6
h. For a silver target the deposition rate on the crystal elec-
trodes closest to the normal corresponds to 5
X 10 Ag atoms/(cr pulse.

We also measured the weight loss per pulse (1.96
+0.16)x 10'° Ag atoms/pulse at 2 J/énby weighing the
The flip-over effect has been observed by several groupsarget before and after a number of laser pulses on a standard

Vacuum chamber
P =107 torr

FIG. 1. The experimental setup.

but the number of data points is rather limit€d® In addi-  |aboratory balance.

tion, some studies were complicated by the use of compound

target materials, such as high- superconductors, or the IV. RESULTS AND DISCUSSION
presence of a background gd€2**3*Also a number of

studies of the forward peaked angular distribution have been A. The flip-over effect

carried ouf:®!%"** Surprisingly, there are practically N0 The fip-over effect was studied by changing the elliptic-
data for the angular distribution for a series of metals |rrad|-ity of the beam spotin the X-Y plane with a spherical and
ated by UV lasers under the same experimental conditionsy ¢yjindrical lens placed in different distances from the tar-
We have studied the flip-over effect for the simplest caseget. Since the area, and thus the fluence, were kept constant,

a one-component metal target in vacuum, and for the firsfye only varying quantity is the ratib/a of the axes of the
time made a's'ystematlc, guantitative analysis of thg fll'p-oyeé”ipse (with a being one-half of the diameter along the
effect. In addition, we have measured the angular distribution,yis and the quartz crystal microbalances located ini

of the ablgted atoms for a wide selection of metals |nclud|ngp|ane. Figure 2 shows the angular distributions for values of
both volatile and refractory elemental targets for UV lasery,, aspect ratib/a over almost one order of magnitude. The

irradiation under the same experim_ental conditions. __data have been fitted with the angular distributie(®) from
We have analyzed the results in terms of two existinganisimov's modett36

models for an adiabatic expansion by Anisimetal622

and Singh and I\!ar_aydﬁ.While the equations of motion for F(0)/F(0)=(1+tarf 0)3q 1+ (Z;/Xi)? tar? 6] 32

the plume are similar in the two models, the latter authors (1)
have assumed that the spatial temperature gradients are zero, o . ) o

even though there is no mechanism of sustaining a finitévhere the fitting parametefiy;/ Xy is the ratio of the limit-
temperature at the outer edge of the plume during the fref1g value of the cloud front along th& axis (in forward
expansiort’ The model of Anisimoet al. does not have this direction into vacuurnand the value of the front in horizon-
limitation and treats the plume as an expanding self-similafal direction along the< axis. This distribution accounts for
cloud. This model was developed to describe the expansiofie deposition per unit area on a hemisphere in contrast to
of neutral gas, but we have obtained good agreement witthe expressions indicated in Ref. 16 which have been derived
our data for the ionic component of a laser ablationfor deposition on a planar substrate. According to Ref. 16 the
plume?:3® Here we are using measurements of the deposivalue of the distributior(¢) for 6=0 is

tion, due to neutrals and ions, to find the shape of the plume ) )

expansion, and these measurements are compared with the F(0)=Y(Zint/ Xin) “/ (27d?), @

theoretical values from Anisimoet al whereY is the total number of ablated atoms per pulse @nd

the distance from the target to (aemispherical substrate
IIl. EXPERIMENT surface. o .
The angular distributioif-(6) of ablated atoms or ions is
The ablation was performed with a frequency-tripled often expressed as
Nd:YAG laser at 355 nm directed at normal incidence onto a
metal target in a vacuum of 16 mbar, in the same target F(0)/F(0)=co? 6+ B cos¥, 3)
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FIG. 3. The variation of the full width at half maximuré for
the angular distributions shown as a function of the ratio of the
elliptic axes p/a). A# has been determined by E@l) from the
asymptotic aspect ratid;: / X;,s found from the fits in Fig. 2. The
value of this aspect ratio is indicated on the right-hand axis.

40 20 0 20 40 60 80
Angle 6 laser plume is symmetrical with respect to thexis, so that

- ) the angular distribution can be integrated numerically over
FIG. 2. The absolute deposition rate as a function of angle fokhe fyll hemisphere. This gives a total number of ablated

2.0 J/cnt at 355 nm. Fit§Eq. (1)] based on Anisimov’s model are

particlesY = 2.60x 10" Ag atoms/pulse.
shown.

The scatter of the data points is primarily caused by the
) difficulty of measuring precisely the values of the major and
wherep is an exponent an® a constant. The extra term inor axes of the beam spot. Sputtering of the deposited
B cosé has been added to account for a broadlgbze%cskgraﬁnd.snver film may also lead to a discrepancy between the total
ForB=0, p typically varies between 5 and i?’_- o 9”_“5 number of ablated atoms calculated from the deposition rate
expression is essentially an empirical approximation in congnq that measured directly by weight loss. This effect would
trast to Eq.(1) employed by us. The horizontal angular dis- yrimarily occur at angles close to the normal, where the ab-
tribution curves in Fig. 2 clearly demonstrate the flip-over|zied ions have the largest enefg¥.Obviously, we are not
effect; there is a narrowefull width at half maximumAé  gpje to measure the deposition ratedat0° because of the
=20°) horizontal angular distribution for elliptical spots |aser heam, and the value of the angular distribution in this
with the longer dimension horizontalbfa=0.4) and a gjrectionF(0), Eq. (1), is found from those fits which give

broader @ 6=36°) distribution for spots with the longer di- the pest overall agreement with all data points in Fig. 2. A
mension verticall§/a=3). This full width at half maximum

A6 can immediately be obtained from Ed):

A 6=2 arctafi(22P—1)/(Z2/X2— 223 1"2, (4) 45

when the fitting parameteZ;;/X;; has been determined. 4
The widthA# is shown as a function of the ratiwa in Fig. -
3. Even though the flip-over effect is not né(#* our data v~ 35|
set is the most systematic one to date. ~_

We have plotted the fitting parameters from Fig. 3 as an~ 3
function of the aspect ratib/a and included a set of curves
calculated from Anisimov’s theof¥in Fig. 4. For each value
of the adiabatic constant we have determined,, the ini-
tial value of the cloud thickness before the expansion, for a 2.250 e
circular beam spotlf/a=1), and assumed that this value of '
Z, is valid for all aspect ratioshfa). The curves have then b/a
been normalized to the experimen'.cally. obtained average rig 4. The data points show the asymptotic aspect ratio
value ofZiy /X atb/a=1. The best fit with a power func- 7 /% from Fig. 3 as a function of the aspect ratib/) in a
tion to the experimental points gives a value=1.42  |ogarithmic plot. The corresponding value AB is shown on the
+0.07. right-hand axis. The solid lines faf;, /X are calculated from

The total mass loss (1.960.16)x 10'> Ag atoms/pulse at  Anisimov et al. (Ref. 22. The curves have been normalized to the
2 Jlend, is constant over the range of valueshdh (0.4 to  average value oZ, /X, atb/a=1. The dashed line is the best fit
3). The normal incidence of the laser beam means that theorresponding toy=1.42.

A 6 [Deg]

25
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significant sputtering of the deposit would mean that the true T T T T '
value of the deposition rate(0) should have been increased 4OF o
]

relatively to what we have shown in Fig. 2. The work by - 280
Fahler et al?° shows that the deposition rate for silver at 2.0 wiTa

Jient can be influenced by sputtering, but also that the re- g %7 culi 275 F
duction does not exceed a factor of 0.2. We have, therefore, O, a0
not attempted to perform any corrections of the data, but © . | Ny

used the data points directly with a minimum of assumptions < . 3.25
in Figs. 3 and 4. If the true deposition rate along the normal A'g Sn " 1350
were a factor of 1.2 higher than estimated in the present 251 Jon

4

3.75
work, the plume would be narrower. However, this change e e
would only reduce the widtlA @ with few degrees, and the o 2 6 8 10 12 14 16
overall tendency would be similar to that showed in Figs. 3 Ablation vield [10" atoms / shot]

and 4.
Anisimov's modef? can be used to calculate the total
number of ablated particle¥ from Eq. (2), since F(0)

FIG. 5. The full width at half maximum 6 from Eq.(4) for the
angular distributions as a function of the total ablation yield per
_ 5 . i pulse(from Ref. 23 for a laser fluence of 2 J/énThe laser beam
(=8.2x10° Agatoms/cr) - and  Ziy/Xin (=3.56) are spot was circular. The fits are based on Eqg. The corresponding

k_ngvé/n 1fcr)(lasmAthe d|s§r|b:1tlon_s Ig F|g. |2 TT]'S numbg‘f‘, I value ofZ;¢/X;¢ is marked on the right-hand axis. A representative
=2.6X gatoms/pulse, is identical to the numerically o.or par is also shown.

integrated result without any assumption of the value of the

adiabatic constany. Our data in Figs. 3 and 4 correspond to Thus, our results suggest that the more volatile metals have
a value of y=1.42-0.07. This is less than the value for a the smaller values of the initial cloud thickne&s. This can
(neutra) monatomic gas ¥=3), but also somewhat more be understood by noting that in the case of a volatile metal,
than the value obtained by us for the ionic component of ahe energy absorbed in the ablated material is distributed
partly ionized plasma ¥=1.25) (Ref. 3§ and that for a among a larger number of particles, and the expansion ve-

plasma indicated by Zel'dovich and Raizey= 1.24) *° locity will be correspondingly lower, leading to thinner vapor
cloud at the end of the pulse. With the valye=1.42 we
B. The angular distribution of different metals obtain a value foc of 120 um for the refractory metals and

We have measured the angular distribution of depositior?0 #m for the volatile ones.
for a number of metals covering a wide range of volatility
and atomic mass. All these measurements were made with a V. CONCLUSION

circular laser _beam spot and a fluence of 2 jldn_ie ha_ve _ In summary, we have explored the shape of the plume in
reported previously in Ref. 21 that the total ablation yield is 5 |aser ablation of metals for different laser beam spot ge-
strongly dependent on the volatility. In Fig. 5 we have plot-oetries. We have made the first systematic, quantitative
ted the widthA @ of the angular distribution as a function of study of the lateral flip-over effect for the simple case of a

the ablated yield. There is a clear trend showing the width ofy o5 plume in vacuum. The width of the angular distribu-
the distribution to be narrower for the more volatile metals.tiOn increased by a factor of 2 as the aspect ratio of the

The width of peak of the angular distribution about the gjintic heam spot axesh(a) was varied from 0.4 to 3. The
normal has been a controversial point in the literatfiré. flip-over effect can be described by the adiabatic expansion
Some authors have suggested that the angular distributiglyqel of Anisimovet al. using a valuey=1.42+0.07. In

bicomes 'Eﬁreiﬁ'”lgly ”jﬁg"g with the atom:]c m”éf%,'l contrast to earlier measurements, it was found that refractory
whereas Akhsakhalyaat al.™ have suggested that volatile o145 show broader angular distributions than more volatile

materials exhibited a broader distribution than refractory, iais. Generally, the expansion of the ablation plume is
ones. The latter measuremefitd *2 were performed with '

well described by Anisimov’s model using realistic values of
the laser wavelength of 1064 nm and at a much higher flu y g

ence than considered here. The Anisimov mtptedicts the expansion parameters.

thgt, for a given spot, smaller valueg of thfa initial cloud ACKNOWLEDGMENTS
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