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Direction-selective free expansion of laser-produced plasmas from planar targets
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Direction-selective expansion of laser-produced plasmas from planar slab targets of Al, Ni, Mo, and Ta are
reported. Angular distributions of the particles emitted from the targets, produced by a 130 mJ, 5 nsec,
Nd:YAG laser, were obtained by means of a retarding potential analyzer and a quartz crystal. It was observed
that the angular distributions of the particles had mainly three characteristics. For a given laser energy and a
given target element, the angular distribution showed more preferential focusing toward the target normal as
the value of the focal spot sizg increased. Second, for a given laser energy and a given focal spot size, the
focusing was more pronounced toward the target normal as the atomic mass number of the target materials
increased. Third, for a given energy, a given focal spot size and a given element, the particles with higher
ionization states were much more focused toward the target normal. Our experimental results confirm the
Monte Carlo simulation results of the earlier works taking into account collision and recombination processes.
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[. INTRODUCTION portance of gas-phase collisions in the formation of the for-
ward peaked angular distributions of the particles described
In the field of material preparation such as fabrication ofby the term cds6. Kelly and Dreyfus[22,23 reported that
thin films of highT. superconductors, oxides, semiconduc-about three collisions per particle suffice for the formation of
tors, and diamondlike carbon laser pulsed-deposition techa Knudsen layer resulting in an angular distribution with
nigue has been found to be interesting and usgfui20]. =4. With the number of collisions having a value of more
The partition of energy as well as the angular distribution ofthan three, Kelly{24] used the unsteady adiabatic expansion
the emitted materials have a great influence on the quality ao describe the flow. He reported that, in this case, the angu-
the deposited layef21]. Buttini, Thum-Jager, and Rohf17] lar distribution was more focused towards the target normal
and Thum-Jger and Roh{18] have shown that if the angu- with n having the values between 4.3 and 43 depending on
lar distributions are fitted in the usual way as a two-the yield of the material per pulse. Additionally, from the
component structure by the superposition of a broad cosinsumerical calculations based on the Monte Carlo simulation
and a steep c8gunction in the form of a cog+bcos'#  of the desorption process, Sibold and Urbask&kl and
[19], with a and b being constants, and is the angle be- Noor Batcha, Lucchese, and Zdi#5] observed the focusing
tween target normal and the angle of observation, the mosiffect of gas-phase collisions. In their model, they considered
important feature is that the steep directed component inthe number of collisions to depend on two parameters: the
creasingly dominates the emission with an increase in theumber of monolayers) desorbed per laser pulse, and the
atomic mass numbek. Thum-Jger and Rohf18] gave an ratio b=(r,/V7), wherer, is the laser-spot size/; the
average scaling law for the exponenti.e.,n«A%*and was thermal velocity at the surface, amdhe laser pulse duration.
found to be in agreement with the experimental investigaThe expression\(;7) is a measure of the length of the gas
tions by Muler and Rohi{20]. Muller and Rohr experimen- cloud at the end of the desorption process. Witk 2.5 and
tally obtained the values af as 18 and 50 for pure copper b=5, a value ofn=17 was obtained, though in real experi-
and tungsten, respectively, though they also investigated theents, these parameters can be much higher.
value of n for copper and tungsten alloy which gave the Noor Batcha, Lucchese, and Zef26] further reported
value of n in between. These experimental investigationsthe contribution of internal degrees of freedom into the ki-
demonstrate that the free expansion of laser-produced plasetic energy of particles and its effect on the spread or defo-
mas from planar targets is direction selective and is directedusing of the angular distributions. Itire al. [27] observed
essentially towards the normal to the target surface. Howthat the nonequilibrium chemical reactions in the gas phase
ever, it should be noted that the two-component fit is only aduring ablation affected the angular distributions in the way
basis to discuss and compare the observed or calculated bepposite to that of the elastic collisions. Itina, Marine, and
havior[15]. It is not clear whether the two components éos Autric [28], in their subsequent works, presented the results
and co8 ¢ have any physical meanings by their own, includ- of the Monte Carlo simulation of the laser desorption pro-
ing the weight factorg andb. The broad background struc- cess. Besides elastic collisions, they also considered the
ture might, in the recombination moddl4], at least, in part, recombination-dissociation process. They reported that, in
be due to recombining collisions, which has a physicalthe reactionless flow, the increaselofed to the increase of
meaning. focusing of the angular distribution towards the target nor-
The causes for this direction-selective behavior of themal. This effect was attributed to the elastic collisions as the
freely expanding plasma are not well known, but a numbenumber of collisions was shown to increase with an increase
of theoretical and experimental studies have reported the inin parameterb. Their simulations further showed that the
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cies. The second detector consisted of an rf-excited quartz
crystal. From the frequency change of the crystal after the
plasma has been deposited, one obtains the total mass or, in
the case of monatomic beams, the total number of particles.
The number of the neutral particles could be deduced from
the difference between the total particle signal and the
summed spectra of the different ion species.

Some considerable efforts were invested in the laser and
the detector systems to increase the reliability of the results.

(a) The shot-to-shot reproducibility of the laser was better
than 3% and the incoming and back-reflected laser energies
were monitored continuously.

(b) The ion detector was optimized concerning the surface
effects at the apertures and secondary electron emission at

FIG. 1. Schematic diagram of the experimental setup. The lasethe Faraday cup20].
pulse is incident at a fixed angle of 45°. Particle analysis is in the (c) The total particle measurements were multi-scaled up
plane of incidence by a combination of a retarding potential anato 200-fold depending on the signal strength leading to a
lyzer and a quartz crystal. reproducibility better than 5%. The retarding potential spec-

tra were multiscaled at least 20-fold for each setting of the

chemical process gave rise to the broadening of the angulaetarding potential.
distributions and whelb increases, the number of chemical  (d) Temperature effects, the sticking efficiency and the
reactions also increases, as well as that of elastic collisiongnearity of the frequency response of the crystal detector
The focusing or defocusing of the angular distributions ulti-have been carefully tested in separate experiments. Details
mately depends on the relative dominance of the two proare given by Miler and Rohr{20].
cesses. We estimated that the overall uncertainty for the ion data

In the present work, we have investigated the directionin absolute particle numbers ranged between 10% and 40%,
selective free expansion of laser-produced plasmas from thédepending on the energies and charge states. Most of this
slab targets of Al, Ni, Mo, and Ta using a 130 mJ, 5 nsecuncertainty stemmed from the deconvolution procedure in
Nd:YAG laser. We report the experimental observation of thehe combined time-of-flight and retarding-potential method.
following results. For a given laser energy and the targeiThe uncertainty for the total number of particles was esti-
material, the angular distribution showed more preferentiamated to be below 15%, whereby, the major contribution
focusing towards the target normal as the values of the focatame from the integration over the half space.
spot sizeB increased. For the given laser energy and the
given focal spot diameter, the focusing towards the target
normal was more pronounced as the value of the atomic
mass number increased. For a given laser energy, a given |n Fig. 2 are displayed the integrally normalized angular
focal spot diameter and a given target element, the angulajistributions of the total number of particles of Al, Ni, Mo,
distribution showed more preferential focusing as the ionizaand Ta as a function of the angior three sizes of the focal
tion state of the emitted particles increased. The results argpot 8=0.16 mnf, 0.94 mnf, and 8.34 mM) at a laser
well explained on the basis of the estimates of recombinatiognergy of 130 mJ. We note that although all the distributions
and collision rates as well as on Monte Carlo simulations ofre focused towards the direction of the target normal, the
earlier works[11,27,28. Our results confirm the predictions focusing effect increases as the focal spot size increases. This
of Monte Carlo simulations. also significantly increases with increase in the atomic mass
number.

In Fig. 3, we have displayed charge-resolved integrally
normalized distributions for two spot sizBs=0.61 mnt and

A schematic representation of the experimental setup i8=28.34 mnt for the above mentioned four elements at the
displayed in Fig. 1. The plasma is created by an Nd:YAGsame laser energy. It is to be noted that the larger focal spot
laser €, =130 mJ,7=5 nsec, and =1.06 um) incidenton  size has a stronger focusing effect. Further, as the ionization
planar targets at a fixed angle ef45° with respect to the states of the ablated particles increase, the focusing towards
target normal. Target materials consisted of Al, Ni, Mo, andthe target normal is much more pronounced. In Fig. 4, we
Ta. The particles of the freely expanding plasma were dehave displayed charge-resolved angular distributions of aver-
tected in an angular range relative to the target normal beage ion velocity as a function of focal spot size for laser
tweenggrpa=50° and—10° for ions andpo=280° and—15°  energyE, =130 mJ. Itis to be noted that though the average
for total number of particles by moving the analyzers withinion velocities decrease with increase in mass, which is ex-
the plane of incidence, at a distance of 35 cm from the targepected, the ions with higher value of charge have much

The ion spectra were fully resolved by a combination oflarger values of average ion velocity for any given focal spot
the time-of-flight and the retarding-potential method, whichsize. For spot sizes of 0.61, 1.44, 4.71, and 8.34 correspond-
made it possible to obtain the absolute number of each spéng laser intensities are computed as &2%°, 1.8x10°,

Quartz crystal

Retarding potential analyzer

IIl. EXPERIMENTAL RESULTS AND DISCUSSION

Il. THE EXPERIMENT
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FIG. 2. Angular distribution of normalized integrated emissions from Al, Ni, Mo, and Ta for three focal spot sizes.
5.5x 1%, and 3.1% 10° Wicn?.

function of focal spot size for the given four materials. It is
In Fig. 5a), we have displayed the angular variation of to be noted that the average charge state for any element

average charge state for Al, Ni, Mo, and Ta at the same laséignificantly decreases as the angle increases, away from the
energy ofE, =130 mJ for only one value dB=1.44mnf  target normal. From Fig.(6), we note that the maximum
which corresponds to a laser intensity of £.80° W/cn?. In  average charge state decreases as the focal spot size in-

Fig. 5(b), maximum average charge state is displayed as areases, i.e., the laser intensity decreases, which is expected.
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FIG. 3. Angular distribution of normalized integrated, charge-resolved particle emissions from Al, Ni, Mo, and Ta for two focal spot
sizes.

But an important observation is that the maximum averagéor Al, Ni, Mo, and Ta, respectively are much lower than the

charge state, for example f8=0.61 mnf, significantly de- theoretical estimates of the charge states at the time of
creases with increasing mass numbeharge numbegr  plasma formation, i.e., about 5 nsec which is the duration of
Moreover, the figures of approximately 2.4, 1.9, 1.5, and 1.3he laser pulse. The scaling laws of plasma temperature for

026415-4



DIRECTION-SELECTIVE FREE EXPANSION ©. .. PHYSICAL REVIEW E 67, 026415 (2003

Focal spot size [mm’]
, 8,34

=
S
H
3

E

Average velocity (knvs)
8 & 8
}//; j;o
® o))
L -
Average velociy [knve] _
s 8
Average velocity [knvs]
s 8
Average velocity [knvs)
5 3

8

Al

s A' [

. AP -:.'5\\&*‘

. Al" 204 20 20

° Al“ ":20 0 20 40 60 8 20 0 20 40 60 80 e-2!) 0 20 40 60 & g':zo 0 20 40 60
Angle {deg] Angle [deg] Angle [deg] Angle [deg]

———

e

z2 2
? *

Average vestoaty [kmis]

)

z
i ]

o & o o z
Average velocity [km/s)
8

. O

r4

0 20 40 60 20 0 20 40 60
Angle [deg] Angle [deg]

A

Average velocity (km/s)
-]
Average velocity {knvs]
8
»
»n

<
(o]
Average velogtv (km/s]

Average velocity [km/s]
8 3
3
[2 e

s Mo’ & '“\ .
a Moz‘ 20 20 I“*}.‘\N 20 \
x Mo” 4 \N A\N
o Mo” ’ 0 20 40 €0 %20 0 20 40 60 ":zo 0 20 40 €0 ":z:o 0 20 40 60
Angle [deg] Angle [deg) Angle [deg] Angle [deg]
60 60 60 , 60
-”—.50 Vyev\ V(\ wSO o - 50 - 50
§.4o E-40- /{v\x\& % 40 f‘v\v\ E. 40 o
Ta § T | % £ .
.gmv"\- ,mv"" \6 Ew}j‘:\\;ﬁ: >ao.{’ - d
v T8 20 \ 20 i\ 20{Y W% (v’
23 NG AN AT
x Ta* z» T~ ER i g1 N 2 10 .
v T ’ 0 20 40 60 c-zu 0 20 40 60 ':zo 0 20 40 60 ?zo c 20 40 60
Angle [deg) Angle [deg] Angle {deg] Angle [deg]

FIG. 4. Angular distribution of average charge-resolved ion velocities as a function of focal spfosizéocal spot sizes

different target materials, as a function of laser intensityregimes of laser intensities. However, it was observed that
have been variously reported by several auth@ags-34. It the scaling laws were slower as the charge nunzbef the

was reported that scaling laws were different for differenttarget elements increased in the linear regime of laser-plasma
target elements as well as they were different in differeninteraction. From the measurements and scaling laws
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reported by Sinha and Gop80] for an Al plasma, the ap- peratures(70—85 e\f considered here, the contribution of
proximate electron temperatures for the elements consideratielectronic recombination can be ignored, which is signifi-
in this paper have been estimated to be 71, 74, 80, and 85 edant only in the case of high temperatures and high densities
for the four laser intensities of 3410°, 5.5x10%, 1.8  [38,39. With the help of a little algebra, it can be seen that

X 10°, and 4.25¢10° W/en¥, respectively. radiative recombination varies &Te 2 [40]. For three-
To estimate the average ionizatidras a function of elec- body recombination, Zel'dovich and RaizZetl] have given

tron temperature, several authd@5-37 have given ap- an approximate relationship which varies z&Te 22 The
proximate relationship for higl-plasmas, but the calcula- electron-ion frequency(,;), electron-electron collision fre-

tions of Mosher[_37] seem to be more accurate. From quency (. and ion-ion collision frequency;) vary ap-
Mosher’s calculations, one can approximately estimate thBroximater aZTe 32 and ZATi~ 32 respectively[42]. Ki-

values ofZ at temperatures of 70 and 100 eV for AL (' netic ion temperatures for two representative focal spot sizes
=13), Ni (Z=28), Mo (Z=42), and TaZ=73) as(9.5and  have been estimated by the technique reported by Thum-
11), (13.5 and 1§ (14.5 and 1), and (20 and 22, respec-  Jjger, Sinha, and RoH#3] and are displayed in Table I.

tively. It is to be notedlhat, for the temperatures under con- Among the two recombination processes considered here,
dition, the variation inZ is very small. For a temperature the three-body recombination is very dominant at tempera-

variation from 70 to 100 eWa change of nearly 50p&z  tures and the density of the plasma reported in the present
varies approximately as (¥51.5)%, (18-1.8)%, (17 paper[39]. He_nce_, it will sufflc_e to consider he_re the three-
+1.7)%, and (16 1.0)%. Now we come back to Fig. 2. It body recombination only. In F|g.(5}, we have displayed the
is to be noted that the focusing effect is much more pro2verage ionization states for Al, Ni, Mo, and Ta as a function
nounced for elements with higher atomic masses which alsgf the angle from the target normal for a fixed spot size.
correspond to higher values of the charge nunibeFor a  Figure 8b) gives the maximum average ionization state as a
given element, the focusing is stronger for higher focal spofunction of the focal spot size and it is observed that the
size which corresponds to lower laser intensity. Itina andM@ximum occurs, for all the target materials, at an angle
co-workerg 27,28 used Monte Carlo simulation to study the close.to _the. target normal. Expenmentally obtained maxi-
role of chemical reactions, i.e., recombination and dissociafUm ionization states for Al, Ni, Mo, and Ta can be obtained
tion processes in addition to the gas-phase collisions, in th@PProximately as 2.4, 1.9, 1.5, and 1.3, respectively. It should
expansion dynamics of laser-ablated plasma particles. The§e noted that these values represent the average values of the
observed that the angular distribution of atoms and ions antpnization states after the recombination, in the core of the
the angular distribution of their mean energies become lesBlasma, has taken place. The estimated values of the average
focused toward the surface normal if the number of recomionization states from Mosher’s calculatiof7] are ~11,
bination processes is sufficiently high. They further reportedt6, 17, and 22. This means that a strong recombination has
that, on the contrary, when the collision processes dominaté@ken place during the time interval of the laser pulse dura-
the ablated particles are more focused toward the target noton. But this is not enough. One has to know which pro-
mal. Noor Batchaet al. [26] in their earlier work also re- CESSES, coII|_5|on or recqmbmanon, are dominating, which
ported the broadeningess focusingof angular particle dis- Seems, at this stage, a difficult question. When the focal spot
tribution due to nonequilibrium chemical reactions. size varies fromB=0.16 mnf to B=8.34 mn¥ (Fig. 2), Te

In the Monte Carlo simulation, it is possible to isolate thedecreases from 85 to 71 eV, i.e., by a factor of 1.2 and the
collisional and the recombination processes and to study, i#Verage decrease in the average ionization states, for all the
detail, the effects of each one. However, in the experimentdour elements is also around a factor of 1.17. That is to say,
it is not possible as both the processes occur simultaneousite fractional decrease in Te a@ds nearly the same. From
and compete with each other. Therefore, it is useful to exama simple calculation, one can see that because of this change
ine these processes, a bit, in detail. Among the three reconin the plasma parameters, three-body recombination rate de-
bination processes, at the density 108 cm™3) and tem- creases by a factor of£1.3. The electron-ion collision fre-
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TABLE 1. lon temperature for different ionization states of Al, Vv varies Té’ZM*llz, where T, is the surface temperature
Ni, Mo, and Ta as a function of two focal spot sizes. Laser energ\yndM is the particle masf28]. Atomic mass number of Al,
E_L=130mJ, direction-target normal, i.&=0°. Ni, Mo, and Ta are 27, 59, 96, and 181, which shows a
significant increase for the values ®; for elements of

Foc:g spot Laser i _ Kinetic lower atomic mass number. As a result, with increasing mass
on (o as(\e/\;/unntr%nsnty 'on te;n()/()aratures number, the thermal velocity significantly decreases and
ons ¢ N there is a proportional increase in the paramdtewhich
Al2+ 0.61 4.25¢10° 63.2 results in pronounced focusing.

Al 248.9 From Fig. 3 we note that the focusing effect increases as
Al4T 57.9 Fhe charge sta.te'of the particles for any given focal spot size
Al* 8.34 31K 10° 6.1 increases. This is much more clear f8r8.34 mnf. The
A2+ 515 other focusing features that we find in Fig. 3 have already
Ni+ 0.61 4.25¢10° 101.4 been discussed in the previous paragraphs. To explain this
Ni2* 70.1 result, we have referred to the work of Sibold and Urbassek
NiS* 40'4 [11] in which, from a three-dimensional Monte Carlo study,
Ni* 8.34 3110 78'3 they reported the formation of a desorption jet, in which fast
Ni2* ' ' 49'1 particles are focused towards the jet axis, while slow par-
NI+ 8é ticles leave the jet at oblique angles. In Fig. 4, we have the
: N @ ' experimental results on average particle velocity as a func-
M°2+ 061 4.25¢1 52.2 tion of the angle with the target normal for all the four ele-
M°3+ 62.9 ments. The results are displayed for four focal spot sizes. In
Mo® 16.3 each set, one can note that the ions with higher value of the
M°2+ 8.34 3.1x10° 40.0 charge state have larger average velocity. Therefore, the ions
Mo 44.8 with higher values of the charge state are much more focused
Mo®* 24.5 toward the target normal. Our experimental results clearly
Ta' 0.61 4.25¢10° 61.6 support the simulation results of Sibold and Urbagsel.
T " 44.4 In Table I, we have displayed the kinetic ion temperatures
Ta" 8.34 3.1x10° 40.2 of Al, Ni, Mo, and Ta obtained from the time-of-flight spec-
T2t 21.7 tra along the direction of target normal for representative two

focal spot sizes 0B=0.61 and 8.34 mf The correspond-

ing laser intensities are also shown in the table. These kinetic
temperatures result because of the complex interplay of ab-
quency v,; also increases by a factor of about 1.1. Hencegsorption, recombination, and collision processes inside the
these two processes nearly neutralize each other. But whéasma core. In general, one can say that the kinetic tempera-
we consider the radiative recombination rate and thdures are lower for higher focal spot sizes, which is expected.
electron-electron collision frequenay,, we find encourag- They also further decrease with the increase in the atomic
ing results. For the same amount of variation in the plasmahass number. One can observe that ion temperatures are nei-
parameters, the radiative recombination rate decreases bytRer equilibrated among themselves nor with the electrons as
factor of 1.31 and, at the same time, the electron-electrofe estimated spatially and temporally average electron tem-
collision frequency also increases by a factor of 1.31. As @eratures of 71B=8.34 mnf) and 85 eV B=0.61 mn¥)
result, for larger values of the focal spot size, the focusingtre quite wide, off the estimated ion temperatures. This in-
toward the target normal increases. These experimental réormation can be useful in further analysis of the problem
sults support the simulation results of Itina and co-workerand investigations based on computer simulation.

[27,28.

In Fig. 2, we have further noted that for a given focal spot
the focusing toward the target normal is much more pro-
nounced as the atomic mass number of the target element In the present work, we have investigated the direction-
increases. To explain this on the basis of recombination angelective free expansion of laser plasma produced from pla-
collision rates, one needs more accurate measurements dr, slab targets of Al, Ni, Mo, and Ta, using a 170 mJ, 5
temperatures for the given elements at different focal spohsec, Nd:YAG,Q-switched laser. All the experiments were
sizes. As these data are not available, we consider a secopdrformed at a fixed laser ener§y =130 mJ and different
approach to explain the results. In their Monte Carlo simufocal spot sizes varying from 0.61 nirto 8.34 mn3. Main
lations, Itina, Marine, and Autrif28] have considered a ratio experimental results are the following.
b=r,/(V;7) of the laser spot radius, to the length of the (1) For a given energy and the target element measure-
gas cloud at the end of the desorption process, wkigres ~ ments of the particle, angular distribution showed that par-
the thermal velocity at the surface temperature anslthe ticles were more focused towards the target normal with in-
laser pulse duration. They reported that the increasé of crease in the values &.
leads to the increase of focusing of the angular distribution (2) For a given focal spot siz8 and the given energy,
toward the surface normal. Now, the value of the parameteparticle distribution was more focused towards the normal as

IV. CONCLUSION
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the atomic mass number of the target elements increased.
(3) For a given values dB andE, , and for a given target

PHYSICAL REVIEW E67, 026415 (2003

Urbassek{11]. These experimental results are in complete
agreement with the computer simulations.

element, the focusing effect towards the normal was more

pronounced as the charge states of the ions increased.
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