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Expanded use of fast photography is proposed to characterize laser ablation plasma plumes by the analysis of a set of photographs by me
appropriate mathematical algorithms. The laser ablation plasma plumes studied were generated by ablation of both a multicomponent t
of the nominal composition NiMns7Sm3 and a highly pure Cu target (Cu) using a Q-switched Nd-YAG laser sy$teamexperiments
were conducted under different background argon pressures. Several photograph parameters such as intensity per unit time of exposur
pixel, mean intensity per pixel per unit time of exposure, integrated intensity and cross correlation were studied. The intensity per unit ti
of exposure allowed for identification of the fast component of the triple structure of the expanding plasma into the background gas (i
travels at a speed close to the one measured in vacuum). This parameter together with the use of cross correlation enabled the identifi
of regions of the expanded plasma plume with higher and lower similarities in their optical emission behavior. The mean intensity per pi
per unit time of exposure can be used as a measurement of the amount of light emitted by the plume as a function of time.

Keywords: Plasma diagnostics; laser ablation; digital image processing; fast photography; plasma plume splitting.
PACS: 52.38.Mf; 07.05.Pj; 52.70-m

1. Introduction demonstrated that the structure and morphology of the films
grown by PLD are highly dependent on the kinetic energy
of species existing in the plasma plume [9,10]. Several re-

by means of a nanosecond gated intensified charged COQearches have observed plasma plume splitting using a fast
hotography technique during laser ablation at intermediate-
pled device (ICCD) is a valuable way to acquire informa—B grapny que during laser I ! I

i the local struct tituent particle d . (ﬁ)ressure background gases [2,3,11,12]. In these cases split-
lon on the focal structure, constituent particie dynamics an ing consists of the existence of two distinct luminous sectors
laser ablated plasma plume geometry [1]. Using this tech-

under a background pressure where strong optical emission

hique one can observe the two-dimensional evolution of th?s observed due to particle collision both in the plume body

a_blat||(|)n plljume_ op'ilca:he_zmlssmndthat ;}Xp%nds threea Ot“men(the slower moving/stationary component near the target sur-
sionally. Freviously, this procedure has been used to Cr‘:face) and the plume expansion front [12]. Using space- and
ate position-versus-time plots of the plasma plume expa

Nime-resolved spectral emission and Langmuir probe tech-

sion _front [2.,3], as weII. as to stu.d'y the mflue'nce of pro- nigues other authors have reported the appearance of a third
cessing parameters during deposition of thin films by lase

f ing through the back ith
ablation on the plasma plume behavior such as backgrourgSt component expanding through the background gas wit

. vacuume-like constant velocity [2,13]. However, previ-
gas pressure [2,4,5] and laser energies [6]. By means 1 ] P

the fast phot hv techni | oh h us fast photography research was not enough for the accu-
€ fast photography technique several phénomena suc e determination of this triple structure formed during laser

tplum(; sépgttmg, %Ium? Zha:jrpe_lr_];}ng, Ianq pludme speedd r(:tdu%'\blation in intermediate-background gas pressures. In this
'on [2-5.7] can be studied. 1ne slowing-gown and atteny, o \ye analyze the laser-induced plasma plumes originat-
uauo_n dynamics of laser ablation plasma plumes at_ Interl'ng from both a multicomponent target of nominal composi-
mediate values of background gas atmosphere during d‘?i'on NisoMns7Snis and a single-element Cu-target through

posititcr)]nb a:ﬁ prolc:est(les of dsignifi.ct:_ant ::r:IieDretst fr:)r. thin f_"mthe extended use of fast photography. Several photograph
growth by the pulsed-laser deposition ( ) technique SInC§arameters such as intensity per unit time of exposure for a

Fast photography of laser-induced plasma optical emissio

the density and kinetic energy of the species that arrive t ixel, mean intensity per pixel per unit time of exposure, in-
the substrate are key deposition parameters [8]. It has been
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tegrated intensity and cross correlation were used to descritied from 10-° Torr (vacuum) to 0.694 Torr. The pressure in
some characteristics of the ablation plume. the chamber was established by accurately controlling both
the argon flux injection (99.99% pure argon) and the exhaust
rate by using an integrated multigas controller coupled to the
vacuum system (model 647 C, from MKS Instruments).

The photographs were taken using an intensified charge-
coupled device (ICCD) from Princeton Instruments, model
PI-MAX:2 1024UV, equipped with a 10241024 pixel gray

The laser ablation experimental setup used for the expefcale sensor; the system has an internal delay generator. The
iments is shown in Fig. 1. The system uses a Continfa@mera spectral sensitivity is in the range of 180-900 nm with

uum Q-switched Nd-YAG laser system, model Surelite | withmMaximum sensitivity at 550 nm.  The camera is equipped
A = 1064 nm, E = 100 mJ/pulsef = 1 Hz, fluence of With an AF-S Micro NIKKON 60 mm f/2.8G ED lens placed
12 J/cn? and pulse duration of 8 ns. The pulsed laser bean?S ¢m from the “xy” plane (see Fig. 1). During the image
is focused on the rotating target by means of a spherical ler@cquisition process, the laser pulse signal is registered by a
having a 25-cm focal length. A 45-degree-angle laser bearfst photodiode that dollvers a trigger S|gna! to the_ ICCD in
incidence with respect to the target surface was maintaine§uch a way that each image of the plume is obtained from
The two cylindrical targets used for the study were as fol-2 Single laser pulse. Both the signals of the photodiode and
lows: (a) a disc of 1.0 cm in diameter and 0.5 cm thick-the ICCD camera are registered with a Tektronik 500 MHz
ness with the nominal composition yMns;Sn 3, previ- digital phosphor oscilloscope, model TDSE_>0_5_4B. The ICCD
ously produced by argon arc melting from highly pure ele-9&in was kept constant during image acquisition.
ments (99.98% pure Ni, 99.98% pure Mn, and 99.99 % pure In order to study the laser ablation plumes, three sets of
Sn); and (b) a disc of 1.0 cm in diameter and 0.6 cm thicknesBhotographs were acquired. Each set consists of several se-
of 99.99 % pure Cu. ries of photographs and each series corresponds to an Ar pres-
In order to study the influence of pressure on the plasm&ure value or vacuum. Table | shows the parameters used to

expansion dynamics, the background argon pressure was vake the photographs of each set. Each photograph series was
acquired to characterize the plasma plume evolution under

different background argon pressure [see Table II].

Hereafter, the time assigned to each photograph taken is
the gate delay plus one half of the gate width. The pho-
tographs series of Set 1 were stored in 8-bit jpg format (gray-
ICCD scale) and were processed using Matlab 7.9.0 (R2009b). The
photographs of the Sets 2 and 3 were stored in 16-bit jpg for-
mat (gray-scale) and processed using WINSPEC (SPE).

2. Experimental Procedure

2.1. Experimental set-up for laser ablation plasma
plume analysis using fast photography

2.2.  Analysis methods used to study the ICCD images of
the expanded laser ablation plume

Vacuum Conventional analysis of the expanded plasma plume pho-
chamber tographs was performed by plotting the position-versus-time
= curves of the expanding plume components. The plasma

________ plume components on which we will focus our attention are
Plasma j the fast component, the plume expansion front, and the max-
+ -

imum intensity into the core of the plume, respectively. As
_____ - described below, other procedures were also employed to an-
45° alyze ICCD images. These complementary analysis methods
— were based on the examination of several parameters such as
intensity per unit time of pixel exposure, mean exposure in-
tensity per pixel per unit time for a photograph, integrated
intensity, and cross correlation. Set 1 is made up of Series 1,
2, and 3, which were acquired for the evolution of the plasma
plume in vacuum and in 0.347 and 0.694 Torr argon back-
beam ground pressures, respectively. These photograph series were
used to study plume behavior and to assess the usefulness of
FIGURE 1. Schematic representation of the laser ablation experi-Cross correlation analyses carried out.
mental set-up used for the experiments. The ICCD images obtained ~For analysis of the fast component and expansion front of
by fast photography correspond to the XY plane. the plume as well as cross correlation analysis corresponding

Laser
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TABLE |. Parameters used to take the three studied sets of photographs.

Set Target NPS LPP IGD® GD& IGW® Gws NP9
(um/pixel) (ns) (ns) (ns) (ns)
1 NisoMns7Snis 3 54 100.0 15 2 1 252
2 NisoMns7Sn3 10 54 102.5 15 15 0 259
3 Cu 6 52 102.5 15 15 0 259

“NPS is the number of photograph series taken for each set. Photograph series were acquired from the evolution of plasma plume under different backg

argon pressures [see Table II].

bLPP is the length per pixel. From this parameter the distance between two points in a photograph can be obtained.
¢IGD is the initial ICCD gate delay. This is the delay from the onset of the plasma plume formation to the moment in which the first photograph of a serie:

taken.

4GDS is the ICCD gate delay step. It is the increase of gate delay.
¢|GW is the initial ICCD gate width. It is the starting exposure time.
fGWS is the ICCD gate width step. Itis the increment of the gate width.
9NP is the number of photographs per series.

TaBLE Il. Background argon pressure values for the 3 sets of pho-I

tographs recorded.
Ar pressure

Ar pressure Ar pressure

for Set 1 for Set 2 for Set 3
(Torr) (Torr) (Torr)
1075 10°° 0.043
0.347 0.043 0.087
0.694 0.087 0.130

0.130 0.174
0.174 0.260
0.260 0.347
0.347
0.434
0.607
0.694

a:b.¢ These series of photographs are referred in the text to as Series 1,
and 3, respectively.

Wheren x m are the dimensions in terms of pixels
of the explored photographs. To get the intensity per unit
time of exposure vs time curve corresponding to a pixel, the
pixel coordinatesi, y) in the photographs of a series for the
Set 1 were fixed. Then the intensity per unit time of expo-
sure of each pixel for every photograph of a series was plot-
ted. The number of pixels for the photographs of Set 1 was
1024 x 1024, so this is also the number of curves obtained
for each photograph series.

In order to carry out the cross correlation, we proceeded
as follows. For each photograph series of Set 1,1t x
1024 intensity per unit time of exposure vs time curves was
obtained. Then, comparing the curves obtained for the same
pixel in two different photograph series, a cross-correlation
coefficient was calculated. Each photograph series of Setl
was a collection of 252 photographs in which a photograph
was represented byl@24 x 1024 matrix. The intensity value
of each pixel in a photograph was represented®¥,|, , ;

to Set 1, the intensity per unit time of exposure for a positior(i-€. €ach element of the matrix), whera is the intensity

located at the pixel coordinates, (), is defined ag At ,,.

per unit time of exposure, a is the number of the correlated

Here we call intensity to the readout values of the pixels of &eries, ¢, y) are the row and column of the photograph ma-
photograph, which is referred to the amount of the light caplrix and j is the photograph number (different photograph

tured by the ICCD. For a pixel in photograghfrom Set 1,
IAt, , is given by:

JAN S = (Im,y,j — |mb])/Atj (1)

Wherel, , ; is the intensity of a pixel located at the, )
coordinates of photograpfi At; the exposure time (gate
width) for photographj, and Ib; the mean intensity per
pixel of the background emission for photogrgpio calcu-

YsJ

late Imb; for a given pixel, a photograph of the zone studied

is taken prior to initiating the ablation process.blnis given
by:

)

numbers imply a different time), respectively. So, keeping
the value ofa and the pixel coordinates:(y) constant in-
tensity per unit time of exposure vs time curve was obtained.
As an example, the cross-correlation coefficieof the cor-
responding curves for the pixel with coordinates (777, 477)
located at 0.90 cm from the target surface (see Fig. 3) in Se-
ries 1 and 2 photographs ;7 477,1,2) was computed using
the equation:

T(777,477),1,2

252

> NA 777,477, ]| At 777 477
j=1

®)
252 1/2

(I A152,777,477,;’)2

252
(|At1,777,477,j)2 Z:l

j=1

<
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Series 1 Series 2 Series 3
P=10°Torr P=0.347 Torr P =0.694 Torr

1064 ns

2652 ns

4128 ns

¢

4321
x, Distance from the target (cm)

FIGURE 2. Temporal evolution of visible emission of the plasma plume generated by laser ablation ofgheNiSNH; 5 target for Series 1,
2, and 3 recorded using an ICCD camera. The time indicated in the images is the time after the onset of the plasma formation. The horizontal
axis at the bottom of each vertical set of photographs indicates the distance measured from the target surface.

Rev. Mex. Fis60(2014) 195-204
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FIGURE 3. Intensity per unit time of exposuréAt. ,) as a func-
tion of time for Series 1{) and 2 (A) in the position of lower
cross-correlation coefficient 77 477),1, = 0.744) at 0.90 cm
from the incidence point of laser pulse along the normal to the
NisoMns7Sny 3 target surface [see Eq. (3)] and at 1.41 cm for the
series 2 ¥). The vertical arrows indicate the fast component and
the plume expansion front, respectively. Inset: ICCD image ob-

199

3. Results and Discussions

Figure 2 shows the temporal evolution of the visible emis-
sion of the plasma plume generated by the laser ablation of
the NispMn3,Sny 5 target for Series 1, 2, and 3 recorded us-
ing an ICCD camera; they are representative photographs of
Set 1. They were taken in vacuum (left vertical set), at 0.347
Torr (central vertical set) and at 0.694 Torr (right vertical set).
The main differences between the laser ablated expansion
plume obtained in vacuum and under a background argon at-
mosphere lie in the shape and the lifetime of visible zones.
Notice that after approximately 1600 ns the light intensity
in the photographs of Series 1 approached zero. However,
the expansion of the plume in argon, compared to the one ex-
panded in vacuum, showed a slower expansion rate with more
luminous intensities. It can be considered that the plasma ex-
pansion into a vacuum is adiabatic [14,15].

It is known that the expansion of the laser ablation plume
under intermediate background gas pressures involves the
division of the plume into three components [2,3,11,12].
They are the fast component traveling at nearly the speed
in vacuum [2] the plume expansion front, and the more
slowly-moving/stationary component near the target surface
[3,11,12] respectively. However, as far as we know the identi-
fication of the fast component using the fast photograph anal-

tained at 310 ns for the series 2; the image clearly shows the plum&SiS has not been previously repor.ted [2,3] Harétedl. [2] '
expansion front and the slower moving/stationary component neasuggested the use of space and time resolved spectral emis-

the target surface.

Calculating the cross-correlation coefficients for all the

1024 x 1024 pixels, we obtained a gray-scale correlation pho-

tograph. The cross-correlation coefficien} yaries between
0 and 1. Wherr is close to 1, both ablation plumes exhibit

a similar intensity per unit time of exposure vs time curves;

however, a value much lower thanl indicates they are quit
different.

sion as a complementary way to identify the fast component.

Amorusoet al. [3] did not observe a significant signal
from the fast component in their fast imaging analysis. This
result was attributed to (i) the lower emission of the fast com-
ponent, which is characterized by a lower density and a little
interaction with the background gas; (ii) the limited dynamic
range of the ICCD camera, which does not allow the detec-
gon of the very faint emission of the fast species.

In contrast with previous works, in the present study

For the analysis of the sets 2 and 3, the mean intensity pépe triple structure of the plasma has been obtained only by

pixel per unit time of exposurei\¢) for each photograph is
defined by:

NgE

>

r=1

) (lzy,j — Imb;)

(n x m) At;

|pAtj = Y

(4)

where |, , ; is the intensity of a pixel located at the coordi-
nates (x,y) in photograply, Imb; is the mean intensity per
pixel of the background emission of photograjdlas defined
by Eq. (2)], At; is the exposure time. The dimensions in
terms of the number of pixels (x m) of the photographs for
the sets 2 and 3 weB92 x 501 and451 x 601, respectively.

means of fast photography analysis. Figure 3 shows three
functions of the intensity per unit time of exposuréfgl, ,)

as function of time for Series 1 and 2 in the position of lower
cross-correlation coefficient @77 477),1,2 = 0.744) at a dis-
tance of 0.90 cm from the incidence point of laser pulse along
the normal to the target surface [see Eq. (3)] and at 1.41 cm
for the series 2. It must be noticed that the intensity per unit
time of exposure (At ,) vs time curves can be used to iden-
tify the fast component and the plume expansion front, as
Fig. 3 shows for the case of the expandingd¥ns;Sn3
plasma into background argon pressure of 0.347 Torr (se-
ries 2). These two peaks in that, , vs. time curves, cor-
responding to both the fast component and the plume expan-
sion front, can be viewed at the same time only for a distance

From the mean intensity per pixel per unit time of exposurenterval between 0.79 and 1.66 cm from the target position.
(IpAt) for each photograph of a series, the mean intensityshown in the inset of Fig. 3 is an ICCD image taken dur-
per pixel per unit time of exposure vs. time curves can bang the evolution of the ablation process corresponding to the
obtained. Integrating these curves over time, the integratemhstant time of 310 ns for the series 2; notice that two lumi-

intensity parameter as function of time was obtained.

nous zones appear: the plume expansion front and the slower

Rev. Mex. Fis60(2014) 195-204
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drag models, respectively [16]. We found that the data col-

~5 - 3

g ] f v Series 1 _ plume front lected for the plume expansion fit very well within a shock
<. { : 22:22 g —;ﬁj&cg?:gst”e”t wave model to the one corresponding to the plume expansion
& g o Series 2 _ maximum intensity front. On the other hand, the drag model provides a better
E } jz 4 Series 1 _ maximum intensity fit for the data corrected for the maximum intensity around
o 3 the core of the plume. Similar results for the fit of the plume
S expansion front and the maximum intensity had been previ-
= ously reported [18]. The shock wave model equation used
&= was as follows [19]:

v

Q n

§ d=ct". (5)

&4 wherec is a parameter that depends on the energy of the
= laser pulse, the density and the heat capacity of the back-

ground gas, and the exponents 0.4 for an ideal spherical
shock wave [20]. In the present case we obtained the values
N _ ¢ =1.26 = 0.01 cm/jus’*? andn = 0.42 + 0.01.

FIGURE 4. Position vs. time curves for Set 1 @Mns7Smys tar- In order to fit the shift of the maximum intensity in the
get): the expanded plasma plume front in vacutm,(@nd ata 0 of the plume expanding into a 0.347 Torr background

background argon pressures of 0.347 Tat),(the maximum in- rqon br re the followin tion for the draa model w.
tensity in the core of the expanded plume in vacuum énd at a :pgpolieg .essu € the rollowing equation 1or the drag model was

background argon pressure of 0.347 Tary) and the fast compo-
nent at 0.347 TorrK). Continuous lines represent the calculated d=dg (1—exp(—pBt)). (6)
fits using equations 5 and 6. ®

whered,, is referred to as the stop distance or the distance at
moving/stationary component near to the target surface. Kvhich according to the model this plasma component is ex-
should be noticed that these two latter components may bgected to stop andj is the slowing coefficient. The values
clearly seen separately only in a time interval between 23@btained from the fitting wered,; = 0.97 + 0.01 cm and

and 390 ns. B =2.55+0.09 us~!.

The fast photography analysis has been ordinarily used to
plot the position of the luminous plume expansion front and 200 400 600 800 1000 0.6749
the maximum intensity in the core of the plume as a func- (a)

tion of time [2,3,16]. Frequently, the luminous expansion
front is roughly located on the photographs with the naked
eye [16,17] or considering a relative percentage of the max- .
imum luminous intensity [18]. Figure 4 shows the position )
vs. time curves for the NiMn3;Sn 3 plume expansion front ¢4, I 0.7638
and the maximum intensity in the plume expanded in vacuum

at a background argon pressure of 0.347 Torr (series 1 and 2) g
In this figure the luminous expansion front has been located

200+

on the photographs with both the aid of the naked eye and the; o 1 em . . ek -}
use of intensity per unit time of exposure, ,) vs time 200 400 600 800 1000 08527
curves. In order to identify the maximum intensity into the (b) :

plume core cuts of the plume emission along the normal to ,,
the target surface on the photographs were used. The corre
sponding position vs. time curve of the plume fast component 4,/ L
at a background argon pressure of 0.347 Torr, was also plot- - ©
ted. The continuous lines in the figure were the calculated fits g0 L 0.9416
obtained using Egs. 5 and 6.

From the analysis of Fig. 4, a mean velocityf82 + 800- L
0.14 cm/us was estimated for the fast component of the ex-
panding plume at a background argon pressure. As expectec1000- L cm : . + 1.000

this V?"“e was lower than the velocity of the eXpa”d'”9 plumeFIGURE 5. Correlation photographs for Series 1 and 2(a) and Se-
front in \_/acuum 8.24 _i (_)'19 cmius). The mean velocity of . ries 1 and 3(b). The crossed symhpindicates the incidence point
the maximum intensity in the core of the plume expanded inyf the jaser pulse on the target surface. In (a) the crossed symbol +
vacuum,i.e. 0.61 + 0.02 cm/us, was also lower. To study indicates the coordinates (777,477) for which the minimum cross-
the plume expansion front and the maximum intensity in thecorrelation coefficient is found, using the curves shown in Fig. 3.
core of the plume into argon, we used the shock wave and

Rev. Mex. Fis60(2014) 195-204
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NiMnSn Target (a) nent and the plume expansion front). From 1684 x 1024
0.434 Torr cross-correlation coefficients, the correlations photographs
0.347 Torr 2 Wmﬁm shown in Fig. 5 were constructed. Figure 5(a) displays
- 'z the correlation photograph for Series 1 and 2. The sym-
= 0.260 Torr 2 bol + in this figure indicates the pixel coordinates (777,477),
§ 0.174 Torr 3 M located at 0.90 cm from the incidence point of laser
8 7 0.130 Torr ‘s pulse along the normal to the )NMn3,Sn; 3 target surface.
; g \ 0.133 ps This is the position of lower cross-correlation coefficient
= 0.087 Torr 2 0 1 5 (rerr7a1m),1,2 = 0.744). This coefficient was obtained us-
g | 0.043 Torr  Distance from the target (cm) ing the curves shown in Fig. 3. Figure 5(b) is the correlation
= photograph for Series 1 and 3. They are quite similar. The
crossed symbab in the figures indicates the incidence point
of the laser pulse on the target surface. In our correlation pho-
tographs the lower cross-correlation coefficient obtained was

0 1 2 3 4 0.6749. The latter was obtained from the correlation between

Time ( Series 1 and 3 photographs at pixel coordinates (688,486). In
us) ) :
our gray-scale correlation photographs, the cross-correlation
Cu Target (b) coefficients scale varied from 0.6749 to 1. Figures 5(a) and
0.347 Torr . (b) show an area near the target position for which high cross-
= 0260 Torr M correlation coefficients were obtained. This behavior corre-
2 2 sponds to the fact that the early stages of the expansion of the
= 0.174 Torr M plume in vacuum are similar to the ones obtained in interme-
= 0130 T N diate background gas pressures [21]

. . orr < . . . .
-E £ M . In this area, near the target surface, the intensity per unit
) 0.087 Torr 2 | . —— . time of exposure vs time curves decreased monotonically.
- T 0.043 Torr D0istamce fm;] e targetZ(cm) The areas with lower cross-correlation coefficients coincide
e, with those where the fast component and the plume expan-
- sion front were observed through the analysis of the Series 2

and 3 photographs.
g Figure 6 shows the mean intensity per pixel per unit
¥ time of exposuregdAt as a function of time curves [calcu-
0 1 2 3 4 lated using Eq. (4)] for Sets 2 and 3 photograph series. As

Time (ps) shown in Fig. 6(a), this magnitude displays a monotonous

. _ . o decrease in both vacuum and at a background argon pressure
FIGURE 6. Curves of the mean |_nten3|ty per pixel per unit _tlme of of 0.043 Torr. This should be a consequence of similar be-
exposure (pAt) as a function of time for the photograph series cor- . ior exhibited by expansion of the plume in vacuum and
responding to Set 2 (a) and 3 (b). In (a), thell as a function of 9t low background pressures [2] Also notice that the curve

time curves corresponding to argon background pressures of 0.60 .
and 0.694 Torr are not presented because the curves almost overlaﬁﬁ)rreSpondIng to the expanded Cu plume at a background

with the curve obtained for 0.434 Torr. The insets in both figures 290N pressure of 0.043 Torr shown in Fig. 6(b) shows a
show cuts of the plasma emission at three different times for thelonotonous decreasing behavior.
plasmas expanded at a background argon pressure of 0.174 Torr.  As Fig. 6 shows, in the background argon pressure range
between 0.087 and 0.347 Torr the monotonous decreasing be-
The curves of intensity per unit time of exposurAl, ,) havior of IpAt as a function of time curves exhibited some
as function of time were used to compare two different seriesariations below 1.Qus, which depend on the background
of photographs. They were useful in finding the similaritiesargon pressure. The photographs in this time interval show
and differences between the 3 photograph series of Set 1. Fithat the emission profiles of the plume split into two compo-
ure 3 shows the intensity per unit time of exposuiki(l ) nents: the plume expansion front and the more slowly mov-
as function of time for the pixel coordinates (777,477), lo-ing/stationary component near the target surface. Consider-
cated at 0.90 cm from the surface of thefWlns,Sny3 tar-  ing the two curves obtained at a background argon pressure
get, for the expanded plasma plume in vacuum (Series 1), araf 0.174 Torr as examples, the inset of each graph in Fig. 6
at background argon pressure of 0.347 Torr (series 2). Thshows cuts of the plume emission along the normal to the
lower cross-correlation coefficientbetween Series 1 and 2, target surface at three different time intervals of the emis-
which is given by Eg. (3), was found for these curves. Wesion process: before (at 0.138 and 0.118:s, respectively),
realized that the low cross-correlation coefficient between then (at 0.358 us and 0.268us, respectively) and after (at
two curves is due to the split of the expanding laser ablatio®.568 s and 0.436us, respectively) the time interval at
plume into the background atmospheie.(the fast compo- which the monotonous decrease behaviorpatid is altered
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FIGURE 7. Integrated intensity as a function of time curves for the FIGURE 8. Integratgd intensity as "’_‘ function of pressure curves for
photograph series corresponding to the sets 2 (a) and 3 (b). In ()€ Photograph series corresponding to Sets 2 (a) and 3 (b).
the integrated intensity as a function of time curves correspond-
ing to background argon pressures of 0.174 and 0.347 Torr are noduced and their extreme values shifted toward early times
presented because these curves almost overlap with the curve coas the argon pressure increased. According to Mahnebod
responding to 0.260 Torr. al. [12] these facts may be explained considering that pres-
sure increment results in the slowing down of the plume front
for NisoMn3;Sn3 (set 2) and Cu (set 3) plasmas, respec-due to a high degree of interaction of the plume species with
tively. For early times,j.e. at 0.133us and at 0.118:s  the background gas. This interaction results in the diffu-
in the insets of Fig. 6(a) and (b), respectively, the plumesion of the more slowly moving/stationary component near
expansion front was forming and therefore the componenthe target surface into the background gas atmosphere. Ac-
close to the target surface became the higher intensity concording to Amoruscet al. [3] the splitting occurs during
ponent. For moment of times in the middle of the time in-the formation of the plasma plume-background gas contact
tervali.e. where the variation of the monotonous decreasdront but before a significant braking of the plume expan-
behavior is observed (as the insets show at 0.388nd sion takes place. Then the plume species, which are scat-
0.268us), the plume expansion front was formed becomingtered in a backward direction due to their collisions with the
the higher intensity component. For largest times (at 0568 background gas molecules, interact with the incoming parti-
and 0.463us in the insets), splitting was absent and againcles and after a while the plume homogenizes. For an argon
IpAt decreases monotonically. The previously mentionedackground pressure higher than 0.434 Torr, a monotonic de-
time intervals, where the plume expansion front and the morereasing in pAt as a function of time curves was observed.
slowly moving/stationary component near the target surfacén these cases two simultaneous phenomena were observed:
can be observed separatelye(the plasma splits), were re- a fast deceleration of the plume expansion front and its coa-
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lescence with the more slowly moving/stationary componentposition NoMn3z;Sn 3 and a target of highly pure Cu. By
Figure 7 shows the integrated intensity as a function ofmeans of this technique it has been possible to find similari-
time curves for different background argon pressures for théies and differences between two photograph series as well as
photograph series corresponding to Sets 2 (a) and 3 (b). Theg study the light emission as a function of time. With such a
were obtained by integrating in time the curves plotted inpurpose some parameters, such as the intensity per unit time
Fig. 6. The integrated intensity value in every moment corre-of exposure for a pixel, the mean intensity per pixel per unit
sponds to the amount of light captured by the ICCD cameradime of exposure for a photograph, the integrated intensity
from the starting time of the analysis until that moment. and the cross correlation, were used. Both the intensity per
All the curves of the integrated intensity as a function ofunit time of exposure as a function of time curves and the
time exhibit a similar behavior. For early times of the plumecuts of the plume profile along the normal to the target sur-
expansion process, the integrated intensity monotonically inface enabled us to study the triple structure of the plasma
creases. However, the rate of increase decreases as tipkime {.e. the plume expansion front, the maximum inten-
passes. As Fig. 7(a) shows, for the;]Wins;Sn 3 plasma  sity in the core of the plume and the fast component trav-
plume, the curves of integrated intensity as a function of timeeling at a speed close to the speed in vacuum) expanding
approach one to another as the background argon pressure into an argon background. In contrast with previous stud-
creases; thus at every moment an integrated intensity saturis, these results were obtained only by analyzing the ICCD
tion value was reached. In the case of the Cu plume Fig. 7(bfast photography images. The correlation photographs en-
shows that there are intersections of the curve correspon@bled the identification of plume zones with high and low
ing to 0.130 Torr with those corresponding to 0.174, 0.260cross-correlation coefficients, which are related to similari-
and 0.347 Torr. These crossings can be explained by Fig. 8es and differences betweenjMns;Sn 3 plasma plumes
where the integrated intensity is represented as function afxpanding in vacuum and into argon background pressures.
pressure for different moments. It must be noted that ther@he mean intensity per pixel per unit time of exposure can be
are pressure ranges in which the integrated intensity changassed as a measurement of the amount of light emitted by the
These pressure ranges were from vacuum up to a backgrouptlme at a given moment and can be represented as a function
argon pressure of 0.434 Torr for thespVing>Sny 3 and from  of time. For plasma plumes expanded in vacuum and at low
vacuum up to a background argon pressure of 0.174 Torackground argon pressuré®( in the case of free expan-
for the Cu plasma plumes, respectively. In general in thession), the amount of light emitted decreases monotonically
pressure ranges an increase in the integrated intensity is obver time. For the plasma plume expanding into intermediate
served. In the case of Cu plasma plume this increase is nélackground argon pressures, the monotonic decreasing be-
monotonous; in this case, there is an intermediate pressut@vior is changed in the time interval in which the plasma
value ¢~ 0.130 Torr) for which a maximum integrated inten- plume splitting exists. From the analysis of the integrated in-
sity value is reached explaining the intersections between thensity, as a measure of the total amount of light emitted until
curves in Fig. 7(b). For higher pressures saturation valuea given moment, two different pressure ranges were identi-
of the integrated intensities were obtained within the presfied: one in which the integrated intensity is mainly increas-
sure range considered in the present study. Using the abovimg its value and another in which this magnitude becomes
proposed methods and parameters we have not found sol&hturated. The proposed methods should be taken as a com:-
evidences of differences in the plasma plume behavior thgtlement to the existing techniques and not as a substitution
could be attributed to the composition of the target. It is nec-of them.
essary to take into account that frequently the differences in
the evolution of distinct species of the plume are optically re-
lated with the differences of the wavelengths emitted by thes@cknowledgments
elements and in our experiments a gray scale ICCD camera
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