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Mechanism for excimer-laser ablation in alkaline-earth metals
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The time-of-flight distribution and the amount of desorbed monovalent ion were measured for laser ablation
of alkaline-earth metals. The experiment is performed using two wavele(fiBsnm ArF excimer laser and
248-nm KrF excimer lasgra fluence of less than 500 mJ/cand an effective pulse duration of 14—20 ns. lon
desorption occurs at a lower fluence than that predicted by a thermal evaporation model. The relationship
between the amount of desorbed ion and the fluence shows highly nonlinear behavior. Based on the obtained
results, a model is proposed in which the laser ablation of alkaline-earth metals is caused by the core electron
ionization via the multiphoton photochemical process.

I. INTRODUCTION shock® and the hydrodynamic process with thermal
melting® In previous models, the first stage of the ablation is
The ultraviolet (UV) laser ablation mechanism, which considered to be free-electron acceleration by the absorption
consists of an interaction between condensed matter arf photons via the inverse bremsstrahlung proéssThe
photons, is a new subject of study in the field of photochemaccelerated electrons collide with the lattice and excite the
istry. During the past decade, study of the fundamental proPhonon with the time scale of a few p&° The energy in-
the success of applications of thin-film formation as a pulseYyStem within plcosoelclonds. Absorption of UV light is not so
laser depositioiPLD) technique. However, further progress effective for metals;” ‘because the plasma cutoff frequency
in the optimization and control of PLD techniques that will for almost all metals is in the UVS{;Q'O”' i.e., the metallic
enable the quality of the deposited films to be improved rePond crystal transmits the UV la '6AS a result, a large
quires a greater knowledge of the underlying fundamentailuence is required for metal ablatiom order to heat the
phenomena that govern laser ablation. As a result, the nunfrface region above the melting point. However, ablation
ber of studies examining the ablation mechanism has in?@s been reported to occur at very low flue?'f"twhlch can-
creased. Such studies are complicated because laser ablat[}#f heat the surface region beyond the melting point. There-
is a transient process involving complex physics and depend8e the laser ablation mechanism of metal is not a simple
on several parameters such as the wavelength, pulse dufd€rmal evaporation process. _
tion, and fluence of the laser beam and the material irradiated N order to clarify the process of laser ablation for metals,
by the laser, i.e., thearget Since laser ablation involves the @ Systematic investigation of the laser ablation of three
local breaking of chemical bonds, the process is thought t&/kaline-earth metals, Ca, Sr, and Ba, was performed. The
be strongly dependent on the nature of the chemical bondnetals in this group have similar chemical characteristics, so
Thus the characteristics of the bond of the target material iSyStématic evaluation is possible by comparison of the ex-

thought to have the greatest effect on the mechanism of las@€rimental results. In the present study, time-of-flighoF)
ablation. distribution and the amount of monovalent ion desorbed by

Chemical bonds can be classified into three types: ioniéh? Iaser'ablation of the alkaline-earth metals are investigated
bond crystal, covalent bond crystal, and metallic bond crysYSing a time-resolved quadrupole mass spectroniQsrS)
tal. A reliable model has already been proposed for the firs¢Sing two wavelengths and various values of fluence. Fur-
two types of chemical bonti® In these crystals, the nascent thermore, the effective pulse duration is varied using a
process of laser ablation has been concluded to be not simpfiPuPle pulsed laser ablation technique in order to study the
thermal evaporation, but rather the electronic excitatiorf'Me scale of the process. Based on the experimental results,
mechanism. The essential requirement in these models is tifedifferent model is proposed for the laser ablation mecha-
localization of the electronic excited state. The mechanisnfiSm of metals.
for the metallic bond crystal, however, is not well understood
compared with the other crystals. In general, the laser abla- Il EXPERIMENT
tion of metal is thought to be caused by the thermal protess. '
Several thermal mechanisms have been proposed including A schematic diagram of the experimental apparatus is
thermal evaporatioh,exfoliational sputtering with thermal shown in Fig. 1a). Measurement of the desorbed monova-
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pulses were obtained by producing two replicas of a single
laser pulse by a Michelson interferometdtiF) inserted be-
tween the excimer laser and the focusing Isee Fig. 1b)].

This technique enables us to vary the effective pulse duration
without changing the total fluence. The fluence of each pulse
was 200 mJ/chat the target surfacé.e., the total fluence
was 400 mJ/cR). The position of one of the mirroro. 1)

was fixed, and the other mirror was mounted on an optical

(@

base pressure
~10°Pa lens

motor

DR e rail having a maximum traveling distance of 1 m, which

I corresponds to a maximum delay of about 6 ns between the
transient two pulses.
o In this experiment, special care was taken to ensure that

l——l:,,pmer only the delay between two pulses was changed while all
other parameters remained constant. By alternately blocking
one of the laser paths of the MIF, the pulses traveling along
® siror#i each path were confirmed to produce the same QMS signal.
i In order to prevent errors due to energy loss and focal-spot
diameter changes due to the change in the optical path of the
laser l v ! delayed arm, the QMS signal produced by the beam from the
----- -/?— —j mirror #2 moving mirror was confirmed to show no measurable depen-
beam splitter dence on mirror position. The position of the focal spots of
the beam from each arm has the potential for being the
source of the most serious error. Therefore the deviation of
the focal points of the two laser beams was eliminated for all
mirror positions by consistently realigning the optical sys-
tem. The realignment was accomplished with the aid of a
pinhole having a diameter of about 1 mm which was set in
front of the beam splitter of the MIF. Using the above-
FIG. 1. (a) Schematic diagram of the laser ablation experimentsmentioned procedure, the lateral deviation of the two laser
(b) Sketch of Michelson interferometer producing two ablation hegms at the target surface was less tharl6 2 mm. This
pulses having various delays. value is the smallest scale of the ruler used in the experiment.

[}

2
n

lent ion was performed in a vacuum chamber with a base IIl. RESULTS AND DISCUSSION
pressure of X10 ®mbars. Plates of Ca, Sr, and Bare
metallic: polycrystalline with a purity of 99%placed in the
chamber were irradiated either by an ArF excimer lgker Figures 2 and 3 show the TOF spectra of the monovalent
monics: EXCIMER-700,A=193nm, full width at half jon desorbed by the ArF excimer laser ablation of Ca, Sr, and
maximum(FWHM) of each pulse14 ng or by a KrF exci- Ba. The result indicates that the metal ablation is not a
mer laser (Lambda Physics: COMPEX-102y=248nm, simple thermal process. The ion desorption in the fluence
FWHM of each pulse-14ng. The laser pulse was focused region below 200 mJ/cfncannot be explained by simple
onto the target by an artificial silica lens with a focal lengththermal evaporation. In the thermal evaporation model, the
of 4.4x 10° mm (spot size of the focused beam on the targetion desorption is believed to occur at a fluence of greater
was 2.0<0.7 mnf). The oxide layers on the plate surfacesthan about 1 J/chy*
were removed by preablation in the vacuum chamber before The solid lines in Figs. 2 and 3 are theoretical curves
the measurements were performed. The desorbed ions weobtained using the following Maxwell-Boltzmann distribu-
detected by a QMS$VG Gas Analysis: SXP300 The dis- tion, which is corrected by center-of-mass velodtty:
tance between the target and the QMS was<a.& mm.
The QMS signal was amplified by a preamplifi&F Elec- n(t):At‘4exp[—m(z/t—vg)2/2kBT]. (N)
tronic Instruments: 5305, frequency respoade~ 10 MHz)
and then stored in a transient memory devig@awasaki Here,n(t) represents the ion flux observed at tilme\ is a
Electronica: MR-50Ehaving a sampling rate of 400 ns. The normalization constantn is the mass of the iorz is the
zero point of the time axis was determined using a phototubéistance from the target to the QM&, is the center-of-mass
(Hamamatsu Photonics: R1826, applicable for the wavevelocity, kg is Boltzmann’s constant, ant is the tempera-
length region of 185 320 nm, response is faster than 1 ns ture:vy andT are used as adjustable parameters. The results
placed near the focusing lens. The time delay between thghow good agreement with E€l) at a laser fluence of less
phototube signal and target irradiation is negligible when thehan 190 mJ/ch[Fig. 2(a)], 190 mJ/crA[Fig. 2(b)], and 90
sampling rate is 400 ns. The sample was rotated betweemJd/cnf [Fig. 2(c)] for Ca’", Sr", and B, respectively. This
each laser shot by a stepping motor in order to ensure thatdicates that the desorbed ions reach thermal equilibrium.
the ablation was always performed on a fresh surface. Such equilibrium will result from frequent collisions be-
Double pulsed laser ablation was achieved by applyingween the ions at the initial stage of the ablation when the ion
two laser pulses separated by various delay times. The twdensity is very high. However, at fluences higher than those

A. TOF spectra and the amount of desorbed monovalent ion
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FIG. 2. TOF spectra of Ca Sr', and Ba desorbed by ArF FIG. 3. TOF spectra of Ca Sr", and Ba desorbed by ArF
excimer laser ablation. Laser fluence(® 190 mJ/crf, (b) 190  excimer laser ablation. Laser fluence(@ 210 md/crf, (b) 230
mJ/cnt, and (c) 90 mJ/cni. The solid lines are the theoretical mj/cn?, and () 100 mJ/crA. The solid lines are the theoretical
curves obtained Using the Maxwell-Boltzmann distribution Cor'curves obtained using the Maxwell-Boltzmann distribution cor-
rected by center-of-mass velocity. Adjustable parameters(@re rected by center-of-mass velocity. Adjustable parameters(are
vg=6600m/s andl=8900K, (b) vg=5300m/s andl' =7700K, Vg=6950m/s andl =9870K, (b) Vg=5400m/s andl =9300K,
and (¢) vg=4500m/s andT=17500K. The TOF spectra show and (c) v,=4550m/s andT=20500K. In the fluence region
good agreement with the Maxwell-Boltzmann distribution. higher than that shown in Fig. 2, the TOF spectra show deviation

from the Maxwell-Boltzmann distribution.
listed above, the TOF spectra deviate from the Maxwell-

Boltzmann distributior{Fig. 3), and higher fluence results in fluence for the ArF excimer laser and the KrF excimer laser,
larger deviation. This deviation is thought to be caused byespectively. The amount of desorbed ion is obtained by the
the generation of delayed components. Namely, higher thajmtegration of each TOF spectrum. For G&5r", and B4,

critical fluence may produce ions deep inside the solidrespectively, the amount of desorbed ion is found to be pro-
which causes a time delay because those ions collide Witbortional tol 46502 | 37204 and| 2903y the irradiation of

the chemical species desorbed from the surface region.

Figure 4 shows the relationship between the effective 54000
temperature of the desorbed monovalent ion and the fluence mCa'
of the ArF excimer laser. The graph is plotted for the region
in which the measured TOF spectra agree with @&g. i.e.,
the region in which the Maxwell-Boltzmann distribution is A Ba’
corrected by center-of-mass velocity. The temperature in Fig. 13000
4 is higher than that predicted by the thermal evaporation
model”** These results also indicate that laser ablation of
metal does not occur as simple thermal evaporation.

As shown in Fig. 4, the temperature is proportional to the
fluence(l). This linear behavior can be explained by a model
in which the source of the thermal energy is the later part of
the laser beam. In this model, the photon which remains
incident after the desorption is absorbed by the free electron
in the plume via the inverse bremsstrahlung pro¢égthe
accelerated electron can interact with the ion or neutral spe-
cies, namely the absorbed energy is redistributed among all
desorbed chemical specie¥ This results in an increase in
the kinetic energy of desorbed chemical species. Thus the 0 1 1 1
energy absorbed into the plume is thought to correspond to 0 50 100 150 200
the thermal energy. The absorbed energy is assumed to be Fluence (mJem)

proportional to the fluenc¥, so the redistributed energy is  FIG. 4. The relationship between the temperature of the des-

also proportional tol. In this manner, the temperature is orbed ion and the laser fluence for ArF excimer laser ablation of Ca,

shown to be proportional to the fluence. Sr, and Ba. The temperature is proportional to the fluence for all
Figures 5 and 6 show the amount of desorbed ion vs thelements.

@ Sr*

10000

Temperature (K)

5000
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TABLE I. The binding energies of the highest core electron
measured from the vacuum level and the total photon energies ob-
tained experimentally, i.e., the sum of five-, four- and three-photon
energies of the ArF excimer laser and the sum of six-, five- and
L four-photon energies of the KrF excimer laser.

Ba”,

12,9403 A Photon energies Photon energies

Binding for ArF /eV for KrF /eV
i Orbital energy/eV (6.4 eV/iphoton (5.0 eV/photon

n~3.7+04 Ca3p 27.7 32 30
Srdpy,, 4py,  22.7,23.8 25.6 25
Ba 5pgp, 5p1,  16.9, 19.1 19.2 20

Intensity (peak area)
w

Ca' evaporation model. Since the power law can be interpreted
1~4.6+0.2 as a multiphoton photochemical reaction, the desorption of
L e monovalent ion may be caused by five, four, and three pho-
10 100 1000 ton processes when using an ArF excimer laser of 6.4 eV/

Fluence(mJem?) photon, for C&, Sr", and Bd, respectively. Likewise, the
desorption of monovalent ion may be caused by six-, five-,
and four-photon processes when using a KrF excimer laser

FIG. 5. Amount of monovalent ion vs. fluence using ArF exci-

mer laser. Both axes are logarithmic scales. Each amount is ob- .

tained by integrating the TOI% spectrum. The amount of desorbe&f 5.0 eV/photon for Ca, sr', and_ Bd, respectively. Based

ion is found to be proportional t6*602 37504 and|29+03 for on these results, another _model is constructed for Fhe nascent

Ca’, Sr*, and B&, respectively. Here, represents the fluence. ~ Process of thellaser ablat_lor_1 of metal on the premise that the
direct electronic process is important. First, the excitation of

the band electron is discussed. In the typical metal, the band

ArF excimer laser. The result for the KrF excimer laser are : .
64510 53512 404136510 for Cat, S, and Bd, respec- electron does not absorb UV light effectivéfyIn fact, the

tively. In the thermal evaporation model, the amount of de_ab;orp)ltzion coefficient is-10% for a typica}l metgl .at the UV

sorbéd neutral atom will be roughly ioroportional 0 region. Furthermore, only one photon is sufficient for the

1), wherel, is the threshold fluence that is equal to theex0|tat|on of the band.electron above.the vacuum Iev_el, be-
th/» th q "~ cause the work function of the alkaline-earth m&ta! is

energy reqL_J@red fo_r th7e su_rfa(_:e heating to either the meltm%wer than 5.0 eV. This contradicts the experimental results.
point or boiling point.” This simple con3|d9rat|on IS bas_ed Therefore the excitation of the core electron is discussed.
on the fact that the surface temperature will be propomonall.able | shows the binding energies of the highest core elec-

}rc]) Lhieslnjg C;g %n(?;%.o-t”l])eereefsr?am: dngn“t?]eeagitrfr}zvt'ﬁ;rsrﬁ;?on measured from the vacuum letfef*and the total pho-
gs-. P y P on energies shown by the experimental results, i.e., five-,

four-, and three-photon energies of the ArF excimer laser and
six-, five-, and four-photon energies of the KrF excimer la-
ser. These photon energies are found to slightly exceed the
binding energies of the highest core electron. The completely
systematic result proposes a model in which the nascent pro-
Ba* cess of ion desorption in the laser ablation of the alkaline-
3.6£1.0 earth metal is the ionization of the highest core electron. The
power law in Figs. 5 and 6 cannot be explained in terms of
the core ionization after the neutral atom desorption. For the
3 desorption of the neutral atom, at least one photon is re-
quired. Since the potential energy of the core electron in the
neutral atom is close to that in the solid-state crystal, the
o photon number used for core electron ionization by the mul-
3 tiphoton process is identical. Namely, the mechanism of neu-
: tral desorption followed by the core electron ionization of
M.S;_:m o atomic species requires an additional photon.
T 64410 The TOF spectra and the amount of desorbed monovalent
. P S W ion were measured for the laser ablation of the alkaline-earth
100 R 1000 metal using time-resolved QMS. The ion is desorbed in the
Fluence (mlcm™) fluence region by less than several hundred m3/tmt the
FIG. 6. Amount of monovalent ion vs fluence using KrF exci- Simple thermal evaporation mechanism cannot predict ion
mer laser. Both axes are logarithmic scales. Each amount is olesorption having such a low fluence. The temperature ob-
tained by integrating the TOF spectrum. The amount of desorbeégined from the fitting of the TOF spectra to the Maxwell-
ion is found to be proportional t6?4°10 5312 and|3®*10for  Boltzmann distribution corrected by the center-of-mass ve-
Ca', Sr*, and B4, respectively. locity is much higher than that obtained by the prediction of

Intensity (peak area)
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the thermal evaporation model. The amount of desorbed 20
monovalent ion is proportional td' wheren>1. These re- 1
sults prove that the ablation of alkaline- earth metals does

not occur by simple thermal evaporation. The power law can

be consistently interpreted as the highest core electron ion- _15
ization by the multiphoton photochemical reaction. There-
fore the multiphoton process is thought to be the trigger of
the ablation for alkaline-earth metals.

B. Effect of the variation of the effective pulse duration by the
double pulsed laser ablation technique

Relative Intensity (arb. units)
=)

In the previous section, a model was proposed for the
laser ablation of the metallic bond crystal, i.e., the core elec-
tron excitation by the multiphoton process. At this point,
however, the proposed model is considered to be somewhat
tentative, and further experimental evidence is needed. One

W

of the key points is to clarify the role of the thermal and 0 1 : L : .
nonthermal(electroni¢ phenomena in the ion desorption. ! 2 3 4 3 6
Delay Time (ns)

We should note that the time scale of the thermal and electric
phenomena is different. The thermal evaporation mechanism FiG. 7. Measured dependence of the amount of desorbéd Ca
normally has a time scale of around 10 ns or longer at thén the delay time between the two ablating laser puisgsares
fluence region below about 1 J/éfhwhereas the electronic for ArF excimer laser ablation of Ca metal. The ordinate shows the
process is on an order of less than 1 ns. The amount aftio of the value of the signal to that of the single pulse ablation.
desorbed chemical species is sensitive to the duration of thhe solid line is the best-fit line calculated using E®. and (4)
laser pulse if the photochemical process plays an importarisee text, and the dashed line is obtained under the assumption of a
role in the ablation phenomenon. Thus the variation of theive-photon process only, i.e., E().

laser pulse duration is an effective means by which to verify ) ) o
the proposed model. magnitude at a delay of 6 ns. The following explanation is

In order to perform the present study, the double pulseéuggested for this phenom_enon. The chemical_ species is as-
laser ablation technique is used. In this technique, the tim&UMed to be desorbed until the plasma formation on the tar-
profile of the laser beam is controlled using the delay timed®t Surface, that is, when the energy deposited into the metal
between two pulses. In other words, the effective pulse widtieaches a certain threshold valu&y), the ablation suddenly
and the photon number per unit time can be changed. The{OPS- Since the plasma formed on the surface can absorb or

relationship between the delay time and the amount of ded€flect laser light, the plasma screens the target surface from
orbed C4 is examined. Based on the results, the time scaléhe laser beam. Based on this assumption, the amount of the

of the process is discussed. ion can be calculated as
In Fig. 7, the squares indicate the measured dependence .
of the amount of desorbed Caon the delay time. The n(At)ocf [1(t)+1(t—At)]°dt. 3

amount of desorbed ion was obtained by the integration of
the TOF spectra for each delay time. The ordinate in Fig. 7 is
the ratio of the signal intensity to that of the single pulse

ablation. On the simple assumption that the fifth-order pro-
cess is responsible for the ion desorption, the amount of the
ion is expected to be proportional to the fifth power of the

light intensity, i.e.,

n(At)ocfoo [1(t)+1(t—At)]°dt. 2)

Here, (1) is the time profile of the single laser pulse aktl

is the delay between the two pulses. The time profile of the
laser intensity for the single pulse is shown in Fig(tBe
intensity scatter in the digitized experimental data causes the
numerical variation in the evaluation of E@), thus the
analytical fit of| (t)«t?>?exp(—0.33%) indicated by the solid
line in Fig. 8 was used for the calculatioriThe behavior ot
expected from Eq(2) is represented by the dashed line in all 1 1 L L
Fig. 7. Comparing the dashed line to the measured data re-  © 5 o 15 20 25 30 35
veals that the decrease in the amount of desorbed ion due to Time (ns)

the increase o\t is faster than that expected from H@G). FIG. 8. Time profile of the experimental laser pulsguares
The amount of ion drops by approximately one order ofand the analytical fit used for the calculatitsolid line).

Intensity (arb. units)
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(@)

hv

)

Intensity (peak area)

i

100 1000
Fluence (mJem™)

FIG. 9. Relationship between the amount of Gand the fluence FIG._lO. Schematic illustration of the laser a}blatlon mechanism
of alkaline-earth metals(a The core electron is excited by the

for the simple ablation condition using an ArF excimer laser for Ca . ; :
metal(squares The dashed line shows the simple five-photon pro_multlphoton processib) The laser beam IS cut off _by the inverse
bremsstrahlung process of the electrons included in the plume. The

cess and the solid line shows the relationship calculated using Eqgs. L . . o .
. : . energy injected into the electron system is redistributed into the
(3) and (4) for single pulse ablation. The experimental results at~ . . .
- - . entire chemical species by collision or Coulomb force.
higher fluence are closer to the solid line than the dashed line.

for the single laser beam. The calculation shows better agree-
ment with the experimental results, i.e., the higher fluence of
, the measured data deviates from the simple five-photon pro-
Eozf [1(t)+1(t—At)]dt. (4)  cess.

— The double pulsed laser ablation technique was performed
in order to study the time scale for the phenomena on Ca
metal for an ArF excimer laser. The amount of the desorbed
Ca' is measured using a QMS as a function of the delay
between two laser pulses. In the case of the irradiation of
equivalent laser pulses with a 6-ns delay, the amount of de-
Sorbed C4 is drastically decreased compared to that without
the delay. The total amount of desorbed"Gaas quantita-

The 7 can be obtained by evaluating

The solid line in Fig. 7 is drawn based on E@3) and (4)
usingE, as a fitting parametdnote that the only unknown
parameter in Eqg3) and(4) is Ey]. The best-fit line, i.e., the
solid line shown in Fig. 7, is obtained witky=0.1%,
whereE is the total energy of the laser passing through th
MIF. In thirz experimentE corresponds to the total fluence of
400 mJ/cm. The absolu_te value d, can be calculated to tively analyzed as a function of the delay time based on the
be about 80_mJ/c?‘nA5 Fig. 7 shows, the agreement betWeenresults presented in a previous section, i.e., the five-photon
the calculqnon and the measgred data is sat_|sfactory. T.%rocess. The experimental results are proven to be clarified
laser ablation c_)f Ca metal using the ArF excimer laser i introducing a model in which the laser is cutoff at the
thought to terminate when the injected energy reaches abo

80 mJ/crA. Thi | ds to a durati faf reshold fluence. The Caare found to be desorbed by only

f m Ct : 'Sf\./la u‘fa t%orrlespon_ S ciha ure; lon g atewnsye early part of the laser pulse and the ion desorption termi-
or the ime profi'e ot the 1aser, 1.€., the surtace decomposty, ,;qq pefore the pulse is over. lon desorption finishes at the
tion during the ablation process occurs only at the first sev

: time scale of less than several ns. The termination of the ion
eral ns of the laser. Thus the time scale of the surface d

o ; ) L &esorption is thought to be due to the screening of the laser
composition should be of ns order, i.e., this result indicat b 9 g

e%y the plasma on the target surface. This consideration is

that the ablation is not a simple thermal process. The Iate3§onsistent with the model in the previous section. The source

part of the laser beam should not contribute to the decomposs .« J1ume temperature is supblied via the absorotion of
sition because this part is considered to be screened by t P P PP P

fie laser energy by free electrons in the plume.
plasma formed on the target, as assumed above. This model gy by P

is consistent with the discussion in the previous section. In
Sec. Il A, the temperature of the plume originated in the
later part of the laser beam, which is absorbed by the free The mechanism of laser ablation for alkaline-earth metals
electron in the plume via the inverse bremsstrahlung processias discussed in the previous two sections based on system
Namely, the later part of the laser is not absorbed by theatic experimental results. The synthetic model is now sum-
target, but rather by the free electrons in the plume. marized in this section for the phenomena, as shown in Fig.
This model modifies the relationship between the amount0.

of the desorbed Caand the fluence from the simple five-  The first process of the phenomenon is the highest core
photon process in the case of a single laser beam. In Fig. @lectron ionization by multiphoton procedsig. 10@)]. This

the relationship calculated using Ed8) and (4) is shown s the trigger of the surface decomposition. Since the absorp-

C. Synthetic model of ablation for alkaline-earth metal
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tion cross section of the photochemical process with three cof desorbed monovalent ion have been measured using ArF
more photons is nearly O for the excitation via virtual statesand KrF excimer laser as light sources. The ion is desorbed
the excitation path should be real state, but details are notith a fluence of less than several hundred m3/cihe re-
revealed in the present study. The second process of the phi@tionship between the amount of desorbed ion and the flu-
nomenon is the screening of the later part of the laser by freeénce shows highly nonlinear behavior. Based on these re-
electrons in the plumgFig. 1ab)]. Since the free electrons Sults, @ model has been proposed for metal ablation, whereby
absorb the photon via inverse bremsstrahlung process, thaser ablation of alkaline-earth metals is caused by ionization
laser beam cannot arrive at the target surface. In other word§f the highest core electron via the multiphoton photochemi-
the energy of the laser is injected into the plume and th&al reaction. Double pulsed laser ablation has been per-
surface decomposition is stopped. The energy injected intfPrmed in order to study the time scale for the phenomena on
the free electrons in the plume is redistributed into the entiré&a metal using an ArF excimer laser. The total amount of
chemical species in the plume by collision or Coulomb forcedesorbed Cahas been quantitatively analyzed as a function
resulting in the realization of the thermal equilibrium state.of the delay time based on the multiphoton process. The
For this reason, the Maxwell-Boltzmann-type TOF spectrafXPerimental result is understood by introducing a model in
fluence and the Caare desorbed only during the early part
IV. CONCLUSIONS of the laser pulse. The termination of the ion desorption is
thought to be due to the screening of the laser by the plasma
In conclusion, laser ablation of alkaline-earth metals hasn the target surface. Based on the obtained results, the syn-
been investigated in an attempt to understand the nascetitetic model has been proposed for the laser ablation of
process of metal ablation. The TOF spectra and the amounilkaline-earth metals.
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