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The dynamics of laser-ablated Si particles produced by laser ablation have 
been investigated by time-and-space resolved X-ray absorption spectroscopy in a 
time scale ranging from 0 ns to 120 ns with a time resolution of 10 ns . Neutral 
and charged particles are observed through all X-ray absorption spectra. As
signments of transitions from 2s and 2p initial states to higher Rydberg states 
of Si atom and ions are achieved, and we experimentally determine the Ln,m 
absorption edges of neutral Si atom (Si0) and Si+, Si2+, Si3+ and Si4+ ions. 

The main ablated particles are found to be Si atom and Si ions in the initial 
stage of 0 ns to 120 ns. The relative amounts depend strongly on times and 
laser energy densities. We find that the spatial distributions of particles pro
duced by laser ablation are changed with supersonic helium gas bombardment, 
but no cluster formation takes place. This suggests that a higher-density region 
of helium gas is formed at the top of the plume of ablated particles, and free 
expansion of particles is restrained by this helium cloud, and that it takes more 
than 120 ns to form Si clusters. 
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1 Introduction 

Pulsed laser ablation has attracted significant interest in the last years because of 

its ability to fabricate high quality thin films1) and to synthesize novel materials such as 

C fullerenes.2) Laser ablation has a number of advantages including rapid growth rates, 

the ability of evaporation of multicomponent targets, and the production of energetic 

atoms, molecules, ions, and clusters which influence epitaxial growth of films. 

Various diagnostic methods show complex dynamics of the laser ablation process,3'5^ 

but they are so complex that they are not understood in detail. In order to control 

properties of films and to create new materials, it is important to know the dynamics 

of ablated particles. 
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1 Introduction 

Pulsed laser ablation has attracted significant interest in the last years because of 

its abi1ity to fabricate lIigh quality thin films1) and to synthesize novel materials SUc11部

C fullerenes.2
) Laser ablation has a number of advantages including rapid growth rates， 

もheabili句， of evaporation of multicomponenももargets，andもheproduction of energetic 

atoms， molecules， ions， and clusters which influence epiもaxialgrowth of films. 

Various diagnostic methods show complex dynamics ofもhelaser ablation process，3-S) 
but they are so complex that they are not understood in detail. In order to co凶rol

properties of films and to create new materials， it is important to know、thedynamics 

of ablated particles. 

-881ー



In this paper, we report dynamic behaviors of laser-ablated Si particles form 0 ns 

to 120 ns by time-and-space resolved X-ray absorption spectroscopy measurements.6"9) 

Laser-produced plasma X-rays(LPX)10^ have been used as X-ray sources. The LPX 

have following characteristics for X-ray absorption measurements: ( l)The pulse width 

of LPX is as short as or shorter than that of the irradiated laser beam, so that very 

fast phenomena can be observed; (2)By choosing appropriate target materials, one can 

obtain X-rays with nearly continuum energy distribution; (3)The number of photons 

included in a single X-ray pulse is enough for the single shot measurement of an ab

sorption spectrum in a specific energy region. 

2 Experimental Set-up 

Figure 1 shows the scheme of the apparatus. The laser is a pulsed Nd:YAG/glass 

system whose pulse width is 12 ns. The frequency-doubled output of the laser, the 

wavelength of which is 532 nm, is split into two beams. One of the beams has an energy 

of 7 J and is focused to approximately 100 /mi$> on a cylindrical target to produce hot 

plasma and hence X-rays. The other beam with an energy range from 0.25 J to 1 J is 

used to irradiate samples with an irradiation area of 2.5 mm in diameter. Moreover, 

this beam can be further energy-doubled using a FIIG (Fourth Harmonic Generator), 

resulting in the generation of 266 nm laser light, which also irradiate samples with 

energy densities from 70 mJ to 200 mJ. An optical delay line is installed in the 7 J 

beam path. The delay time between the ablation and the X-ray generation is controlled 

from 0 ns to 120 ns by changing the optical path length. 

Nd:YAG/glass 
Laser {sHG^-y^—jsHcb^ 

Computer 

Fig.l: Schematic diagram of the X-ray absorption spectroscopy apparatus. 
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Laser-produced plasma X-rays(LPX)10) have been used as X-ray sources. The LPX 

have foIlowillg charactcristics for X-ray absorption measureme山:(1 )The pt出ewidth 

of LPX is as 5hortぉ orshorler lhan that of the irradiatcd lascr beam， 50はlatvery 

fast phenomena can be observedj (2)By choosing appropriate target materials， one can 
obtain X-rays with nearly continuum energy distribution; (3)The number of photons 

inc1uded in a single X-ray pulse is enough for the single 5hot measuremcllt of an ab-

sorption spectrum in a specific encrgy rcgion. 
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Figure 1 shows the scheme of the apparatus. The lascr is a pulsed Nd:YAGjglass 

system whose pulse width is 12 ns. The frequency-doubled output of the laser， the 
wavelength of which is 532 nm， is spIit into two beams. One of the beams has an energy 

of 7 J and is focused to approximately 100μmゆona cylindrical target to produce hot 

plasma. and hence X-rays. The 0もherbeam with an energy range from 0.25 J to 1 J is 

used to irradiate samples with an irradialion area of 2.5 mm in diameter. Moreover， 
this beam can be further energy-doubled using a FIIG (Fourth I1armonic Generator)， 
resu1ting in the generation of 266 nm laser light， which also irradiate samples with 
energy densities from 70 mJ to 200 mJ. An optical delay line is installed in the 7 J 
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Fig.1: Schematic diagram of the X-ray absorption specもroscopyapparaもus.
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Generated X-rays are collected by a toroidal mirror and focused at the position 

of the sample. At the sample position the intensity of X-rays from Au plasmas 

is estimated to be approximately 1.8 x 10' l photons/pulse and the focused size of 

X-rays is about 100 /xm(V) x 200 /mi(II). A 

grazing incident flat field grating with 2400 

lines/mm is used to analyze X-rays. The de

tection of X-rays is made with a 1024 channel 

MCP/diode array system. The energy resolu

tion of the present experimental region(80 eV 

- 180 eV) is 0.8 eV. The data acquisitions are 

carried out by a computer. A more detailed 

description of the apparatus has been done 

in a previous paper.11) X-ray absorption spec

tra are hence measured by transmitting broad 

continuum of X-rays through laser ablation 

plume, as shown in Fig. 2. In the measure

ments of spatial distribution, the zero point 

is taken as the position where half of the X- Fig.2: Arrangement of samples with 

ray signal is blocked by the Si sample. respect to the X-ray beam. 

3 Results and Discussions 

3.1 Dete rmina t ion of Ln,m absorpt ion edge 

Figure 3 shows typical X-ray absorption spectra of ablated Si particles measured 

at different distances. The spectra in Fig. 3(a) has been taken with an ablation energy 

density of 20 J/cm2 and a delay time of 0 ns. For Fig. 3(b), the conditions are at 20 

J/cm2 and 120 ns delay. 

Many absorption peaks are observed. The shapes of these peaks are sharp edge 

style. This means that X-ray absorption occurs level-to-level transitions such as from 

25 to 3p and from 2p to 3s, etc. Accordingly, we have observed transitions from 

a core configuration 2s22p6, having 0 to 4 additional valence electrons, to 2s22p5n/ 

or 25x2p6n/ with n=3 up to n=oo of neutral Si atom and Si ions in our energy 

window, i.e., from 80 eV to 180 eV. The term lnV means higher Rydberg states 

such as 3s,3p, 3rf,4s,4p, 4rf, • • -.Investigating the behaviors of spatial distributions and 

ablation-laser energy dependence of these peaks, we divide these peaks into five groups; 

i.e., transitions of 25 and 2p initial states to higher Rydberg states of neutral Si atom 

(Si0) and Si ions with charges of +1 up to +4, as summarized in Table I. 
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continuum of X-rays through laser ablation 

plume， as shown in Fig. 2. 1n the measure-

ments of spatial distribution， the zero point 
ISもakenasもheposition wherc half of the X-

ray signal is blocked by the Si sample. 

3 Results and Discussions 

Fig.2: Arrangemenもofsamples wiもh
respecももothe X-ray beam. 

3.1 DetermInation of Ln，m absorption edge 

Figure 3 shows typical X-ray absorption spectra of ablated Si particles measured 

叫 differentdis同nces.The spectra in Fig. 3(a) has been taken with an ablation energy 

de凶 tyof 20 J / cm2 and a delayもimeof 0瓜 ForFig. 3(b)， the conditions are aも20
Jjcm2 and 120 ns delay. 

Many absorption peaks are observed. The shapes of these peaks are sharp edge 

style. This means that X-ray absorption occurs level-to-Ievel transiもionssuch as from 

2s to 3p and from 2p to 3s， etc. Accordingly， we have observed trallsitions from 
a core configuration 2S22p6， having 0 to 4 additional valence electrons， to 2s22p5nl 

or 2s12p6nl with n=3 up to n=∞of neutral Si el.t，om and Si ions in our energy 

window， i.e.， from 80 eV to 180 eV. The term 'nl' means higher Rydberg states 
suchω 3s， 3p， 3d， 4s， 4p， 4d，・・・.Investigatingthe behaviors of spatial distributions and 

ablation-laser energy dependence of these peaks， we divide these peaks inもofive groupsj 

iふ， transitions of 28 and 2p initial 5もatesto higher Rydberg sもatesof neutral Si atom 

(SiO) and Si ions with charges of + 1 up to +4， as summarized in Table I. 
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Table 1: Assignment of observed absorption peaks of Si atoms and ions. 

Assignment 
Si°:2p - • nl 

Si°:2s -> 3p 
Si°:2s -» 4p 

(Si+)*:2p-»3s 

S i + :2p->n/ 

Si+:2s -v 3p 
Si+:2s -> 4p 

(Si"+)*:2p -» 35 

Si2+:2p — nl 

Si2+:2s -+ 3p 

Observed Energy(eV) 
105.6 
107.0 
10S.1 
151.0 
15S.4 
94.5 
95.1 

109.3 
11O.0 
111.4 
112.3 
113.0 
113.8 
115.1 
116.3 
117.8 
118.4 
152.6 
164.6 
97.0 
9S.0 

11O.0 
111.2 
112.4 
112.9 
116.4 
117.9 
119.4 
124.6 
125.1 
126.5 
128.4 
355.6 

Assignment 
Si3+:2p -> 

Si3+:2p -> 

Si3+:25 -» 
Si4+:2p -> 

Si4+:2p -> 

Si4+:2s - • 

3s 

71/ 

3p 
3s 

nl 

3p 

Observed Energy(eV) 
99.S 

100.5 
121.6 
122.5 
123.1 
124.4 
125.6 
126.4 
134.6 
135.4 
140.3 
140.9 
159.6 
102.6 
103.S 
104.4 
105.4 
127.9 
128.6 
136.5 
145.0 
145.8 
150.8 
153.5 
157.6 
165.1 
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Table 1: Assignment of observed absorpUol1 peaks of Si atoms and 10ns. 

Assignment 

SiO:2p→ nl 

SiO:2s→3p 
SiO:25→4p 

(Si+)・:2p→ 38

Si+:2p→ nl 

Si+:2s→ 3p 
Si+:25→4p 

(Si-':+)・:2p→38

Si2+:2p→ ηl 

Si2+:2s→ 3p 

Observed EllCl'gy( eV) 

105.6 
107.0 
108.1 
151.0 
158.4 
94.5 
95.1 
109.3 
110.0 
111.4 
112.3 
113.0 
113.8 
115.1 
116.3 
117.8 
118.4 
152.6 
164.6 
97.0 
98.0 
110.0 
111.2 
112.4 
112.9 
116.4 
117.9 
119.4 
124.6 
125.1 
126.5 
128.4 
]55.6 
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Assignment 
Si3+:2p→ 38 

Si3+:2p→ nl 
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Fig.3: X-ray absorption spectra (a) at an energy density of 20 J/cm2 

and a delay time of 0 ns , and (b) at an energy density of 10 
J/cm2 and a delay time of 120 ns. 

The process for assignment of these peaks has been described in a previous paper.9) 

Only the value of Ln,m absorption edge for Si4+ is obtained from ref. 14. This value 

is in good agreement with the one obtained by extrapolating observed energies of 

higher Rydberg states with an ambiguity of ± 1 eV. We have then determined the L^nr 

absorption edges of Si atom and Si ions from Si+ to Si3+ by extrapolating energies of 

higher Rydberg states of each species. 

To our knowledge, no accu-

Table 2: Values of Si Ln,m edge. rate experimental values have 

been reported for the L^m edges 

of Si0 and Si ions. Reference 12 

has reported a value of 115 eV 

for the Ln,m edge of Si0. On the 

other hand, the value obtained 

in this work is 109 eV. Because 

X-ray absorption spectra are measured with better resolution, we accurately determine 

the Ln,m edges of them. The obtained values are summarized in Table II in comparison 

with ones calculated by the Hartree-Fock method.13) The observed energies are smaller 

than the calculated ones, which is reasonable in general. 

Si0 

Si+ 
Si2+ 

Si3+ 

Si4+ 

Experiment(eV) Calculation(eV) 
109 ± i nr<j 
120 ± 1 125.4 
131 ± 1 137.1 
148 ± 1 152.0 
167 ± 1 168.4 

3.2 Laser ablation process 
(1) Laser ablation with wavelengths of 532 nm and 266 nm 

We have performed X-ray absorption measurements with wavelength of ablation-

laser of 532 nm and 266 nm. Figure 4 shows spatial distributions of laser-ablated 

— 885 — 

ηP: 科 sr一位L1~>"' 
い
〔
町

罰nπ
sP 同

180 

rT 

120 140 160 
EnerQV reV) 

間官

町

100 

2.0 

n
H
M
 

5

0

5

仏
0

4
t

・
4
1

・
A

H

V

A

U

M

{
ω
t
c
コ・
2
』

悶

]
C
O

一Ha』
Oω
且
〈

Figふ X-rayabsorption spectra (a) at an energy density of 20 J/cm2 

and a delay time of 0 ns ， and (b) at an energy density of 10 
J/cm2 and a delay time of 120 ns. 

The process for assignment of these peaks hωbeen described ill a previous paper.9) 
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absorption edges of Si atom and Si ions from Si+もoSi3+ by exLrapolating energies of 

higher Rydberg states of each species. 
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X-ray absorption spectra are measured with beLter resolution， we accurately determine 
the Lrr.m edges of them. The obtained values are summarized in Table II in comparison 

with ones calcu叫lla叫もe町吋dby もheHartもr陀ee-Fockmetもhod.1口
3)The 0 bserved energies are smaller 

than the calculaもedones， which is reasonable in general. 

Laser ablation process 

(1) Lαserαblationωith wavelengths 0/ 532 nmαnd 266 nm 

We have performed X-ray absorption measurements with wavelengもhof ablation-

laser of 532 nm and 266 nm. Figure 4 shows spatial distributions of laser-ablated 
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Fig.4: Spatial distributions of laser-ablated particles at 120ns delay with 
(a) 532 nm at 10 J/cm2 and (b) 266 nm at 4 J/cm2 . 

particles with 532 nm [Fig. 4(a)] of energy density of 10 J/cm2 and 266 nm [Fig. 4(b)] 

of energy density of 4 J/cm2, which are obtained by peak heights of their 2s —» 3p 

transitions at 120ns delay. 

Although the X-ray absorption cross sections are expected to show various values 

for the Si atom and ions, we assume for simplicity that the cross sections are almost 

identical. It is noted that each species in the ablation plume is divided into two 

components, a fast component and a slow one.16) The fast component is a result of 

an acceleration by repulsive Coulomb force, which has been shown by the transient 

electric field,15) or due to the negatively charged sheath.17) The higher the charge 

state, the faster the ions move. The slow component includes both particles showing 

hydrodynamic expansion and particles of Si atoms and ions with lower charges ejected 

after laser irradiations. Accordingly, spatial distributions are significantly different for 

each charged ion. 

Generally, light with longest wavelength can penetrate deeper than light with 

shorter wavelength in a solid state, but light with shorter wavelength can penetrate 

deeper in plasma . Accordingly, laser ablation with shorter wavelength-laser produces 

much higher charged particles. We have measured laser-ablated particles at various 

energy densities and various delay times up to 120 ns. Compared to both wavelengths, 

laser-ablated particles produced by 266 nm laser correspond to particles produced by 

532 nm with a higher energy density. For example, with 532 nm light, while neutral Si 

atoms are produced at an energy density of 10 J/cm2 (Fig. 4(a)), they do not appear 

at a highest energy density of 20 J/cm2; which in the case at 4 J/cm2 with 266 nm 

light as seen in Fig. 4(b) There are not so much differences in the species of ablated 
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of energy density of 4 J/cm2， which are obtained by peak heights ofもheir28→ 3p 

transitions aも120nsdelay. 

Although the X-rι:y absorption cross sections are expectedもoshow various values 

for the Si atom and ions， we assume for simplicity thatもhecross secもionsare almost 

identical. It is noted that each species in the ablation plume is divided into two 

components， a fast component and a sIow one.16
) The fast component is a resuIもof

an acceleration by repulsive Coulomb force， which has been shown byもhetransient 

electric field，15) or dueもothe negatively charged sheaもh.17)The higher the charge 

state， the faster the ions move. The slow componenもincludesboth particles showing 

hydrodynamic expansion and particles of Si atorns and ions with lower charges ejected 

after laser irradiations. Accordingly， spatial distribuもionsare significantly differenもfor

each charged ion. 

Generally， light with longest wavelength can pel1etrate deeper than light wiもh
shorもerwavelength in a so1id state， buもlighもwithshorter wavelength can penetraもe

deeper in plasrna . Accordingly， laser ablation with shorter wavelength-laser produces 
much higher charged particles. We have measured laser-ablated particles 品 various

el1ergy densities and various delay times up to 120 ns. Compared to boもhwavelengths， 
laser-ablated partic1es produced by 266 nm laser correspond to partic1es produced by 

532 nm with a higher energy densiもy.For example， with 532 nm light， while neutral Si 

atoms are produced at an energy density of 10 Jjcm2 (Fig. 4(a))， they do not appear 
aもahighest energy densiもyof 20 Jjcm2j which in the case at 4 Jjcm2 with 266 nm 

light出 seenin Fig. 4(b) There are noもsomuch differences in the species of ablated 
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particles for both wavelengths. 

(2)Laser ablation with supersonic helium gas bombardment 

We have performed X-ray absorption measurements of laser ablated Si particles with 

pulsed supersonic helium gas bombardment. Clusters of various sizes are reported to 

form by laser ablation accompanied with supersonic helium gas bombardment.18) In our 

present experimental set-up, the delay time is limited to 120 ns. We have performed 

X-ray absorption measurements at 120 ns delay, because if any changes occur, the 

changes are expected to be obviously seen at longer delay times. 

The results are shown in Fig. 5. The spectra of Fig. 5 has been taken at 4 J/cm2 

and at the position of 3.2 mm with 266 nm laser. In Fig. 5, peaks of Si2+ ions produced 

by laser ablation with pulsed helium gas bombardment are higher than those without 

helium. Moreover, Si3+ ions are observed by laser ablation with helium gas bombard

ment. In case without helium gas bombardment, Si3+ ions are observed more distant 

point than 3.2 mm. Similar changes are also observed with 532 nm laser ablation. In 

case at 532 nm laser, such changes are observed when energy density is higher than 10 

J/cm2, but not observed at 5 J/cm2 . 
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Fig.5: X-ray absorption spectra of laser-ablated particles by supersonic 
helium gas bombardment. The energy density is 4 J/cm2 with 
266 nm laser, the delay time is 120 ns. The measured positions 
are at 3.2 mm. 
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particles for both wavelengths. 
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pulsed supersonic helium gas bomb凶ar吋dmen凶I託叫t.Clusters of various sizes are reported to 

form by laser ablation accompallied with supersollic helium g出 bombardment.18)In our 

present experimental set-up，もhedelay time is limited to 120 ns. We have performed 

X-ray absorption measurements at 120 ns dclay， bccause if any changes occur， the 
changcs are expcdcd to bc obviously sccn at longcr dclay timcs. 

The results are shown ill Fig. 5. The spectra of Fig. 5 ha.s been taken at 4 J/cm2 

and at the positio11 of 3.2 mm with 266 nm laser. In Fig. 5， peaks of Si2+ ions produced 
by laser ablation with pulsed helium gas bombardmenもarehigher thanもhosewithout 

helium. Moreover， Sj3+ ions are observed by laser ablation with helium gas bombard-

ment. In case without helium gas bombardmellt， Si3+ iOllS are observed more distant 
point than 3.2 mm. Similar changes are also observed with 532 nm laser ablation. In 

ca.se at 532 nm 1出 er，such changcs are observed when energy density is higher than 10 
J/cm2， but not observed aも 5J/cm2 •
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Fig.5: X-ray absorption spectra of laser-ablated particles by supersonic 
helium gas bombardment. The energy density is 4 J / cm2 with 
266 nm laser， the dclay time is 120 ns. The measured posiも1011S
are at 3.2 mm. 
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This suggests that higher density region of helium gas are formed at the top of the 

plume of ablated particles and free expansion of laser ablated particles are restrained 

by this helium cloud. This helium cloud is not formed in the case of lower energy 

densities. We believe that at lower energy densities, helium gas are pushed aside and 

no high density regions are formed. 

Laser ablated particles are considered to be collide many times with helium in 

the presence of helium, because the spatial distributions of laser ablated particles are 

changed between with and without supersonic helium gas. However, no remarkable 

absorption peaks of clusters have been measured. This indicates that the formation 

of clusters or growth of clusters occurs at later times than 120 ns. Future studies at

tempting to monitor at much longer delay times using two laser systems may provide 

information on the growth mechanism of clusters. 

4 Conclusions 

The time-and-space resolved X-ray absorption measurements have been performed 

to study laser ablated Si particles. Many absorption peaks are observed with an energy 

resolution of 0.8 eV and assigned to the transitions of 2s and 2p initial states to Rydberg 

states of Si atoms and ions. We have determined the L^m absorption edges of Si0, Si+, 

Si2+, Si3+ and Si4+. The main particles produced by laser ablation are Si0 and Si ions 

in the initial process. 

The spatial distributions of laser ablated particles are changed between with and 

without pulsed supersonic helium gas bombardment at 120 ns. This suggests higher 

density regions of helium gas are formed at the top of the plume of ablated particles, 

and free expansion of laser ablated particles are restrained by this helium cloud. It 

takes a time later than 120 ns to form Si clusters. 
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