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Laser induced formation of Csl ion clusters analyzed by delayed
extraction time-of-flight mass spectrometry
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(CsI),,Cs™ (n = 1,2) cluster ion formation from polycrystalline Csl irradiated by pulsed-UV laser (337 nm) is
analyzed by delayed extraction time-of-flight mass spectrometry technique. Measurements were performed for
different laser intensities and for several delayed extraction times. Experimental data show that Csl laser ablation
produces the emission of (CsI),Cs™ ions (n = 0, 1, 2), whose yields decrease exponentially with » and increase
exponentially with the laser pulse energy. A quasi equilibrium evolution of the clusters is proposed to extract a
parameter characteristic of the cluster recombination process. The delayed extraction method of initial velocity
determination was improved to take into account collisions in the high density plasma close to the target. The
new parameterization helps to describe the dynamics of secondary ions of different masses for laser irradiances
above the ion desorption threshold in a collision regime. The initial velocity of the secondary ions [(CsI),Cs™
(n =0, 1, 2)] as function of the laser irradiance was determined. The distance to the target when the free
expansion process starts is reported as function of the secondary ions mass and of the laser irradiance. The
collision regime’s influence on the secondary ion dynamics is discussed.

Introduction

Lasers have been used in the last three decades to produce
high-temperature and high-density plasmas for fusion devices
by vaporizing a small amount of material with high-powered
nanosecond pulses. The process is called laser ablation, and is
now widely used for both the deposition and patterning of thin
films. To achieve a useful high deposition rate, the laser
irradiance is chosen for heating the solid above its normal
boiling point. The vapor evolved from the laser heated surface
strongly absorbs the laser, though the absorption processes
have not yet been clarified.

Several approaches have been used to describe the laser
ablation process: analytical models based on self-regulating
absorption via inverse bremsstrahlung (IB)' are successful
when the laser irradiance is high enough to fully ionize the
plasma in the early stage of the pulse; models considering that
the vapor absorption reduces the amount of material removed?
(without heating or producing ionization in the vapor); models
assuming that photo-absorption (photo-ionization of the ex-
cited states) and collisional processes produce plasma;> models
including the shielding of the target by IB;* and numerical
models based on solid heating and evaporation by laser, as well
as vapor heating, ionization and expansion.’

The experimental study of such a phenomenon demands
techniques capable of probing the plasma plume at different
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moments of its evolution. In particular, the delayed extraction
(DE) technique’s capability of dealing with the initial energy
distribution of emitted ions allows the possibility of probing
different stages of the evolution of the laser created plasma.

Delayed extraction has been widely used in high perfor-
mance laser desorption time-of-flight (TOF) mass spectrome-
try (MS) since the middle of the nineties. The technique was
originally introduced in 1955 by Wiley and McLaren, as “‘time-
lag energy focusing”,’ to improve the mass resolution of TOF
spectrometers with electron impact ionization of gas targets. In
DE, the correct choice of both the delay time and the value of
the extraction potential, allows the initially slow ions—which
spend a longer time under the extraction field’s action—to
receive enough additional kinetic energy to catch the initially
fast ions of the same mass—charge ratio right at the detector
surface.

In 1983, Tabet and Cotter’ pointed out the convenience of
using DE technique as a method for measuring ion initial
energies. In 1990 Spengler and Cotter® used the method to
obtain mass spectra of heavy biomolecules in an instrument
with orthogonal configuration, also determining the initial
kinetic energy distribution of the emitted ions. Determination
of the initial velocity of the emitted ions using DE was studied
theoretically and experimentally by Juhasz er al.® In their work,
they have shown that the ion TOF changes linearly with the
extraction delay, making it possible to determine the initial
velocity of the ion from the slope of this dependence. For this,
they assumed that the ion’s initial velocity does not depend
on the laser pulse duration, the laser pulse’s intensity or the
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post-generated ion evolution collisions effect. The DE techni-
que has been applied also to the study of the ablation of
inorganic samples.'%!!

Cesium iodide has a simple chemical composition, both
atomic species are mono-isotopic, which simplifies mass-spec-
trometric analyses, and is convenient for the study of the
physical aspects of the ablation process. On the other hand,
Csl highly absorbs UV light, producing a large number of Cs
ions and an abundant (CsI),Cs* cluster population (# = 1 and
2). All these characteristics make Csl interesting as a model
target for laser induced cluster formation studies.

We have previously reported a thermal ablation model to
describe the ion dynamics of the Cs ions created by UV laser in
the first stages of its temporal evolution (0 to 150 ns).'> The
model was used to describe the plume temperature evolution
during its expansion using DE-TOF-MS spectra at different
laser irradiances. As a series of ion clusters is observed
experimentally and the cluster emission cannot be predicted
by standard evaporation models, the investigation of the
ablation process remains an open subject.

In this article, the experimental results and ion dynamics
simulations of laser sputtering of cesium iodide clusters are
presented. A linear TOF mass spectrometer, equipped with DE
field ion source, was used for the analysis of (CsI),Cs™ (n = 0,
1, 2) ion sputtering. The ion cluster yield, as a function of the
applied laser irradiance, and the effective temperature charac-
teristic of the cluster recombination are also reported. The
cluster’s initial velocities are determined from dynamics simu-
lations of the DE TOF spectra; the leakage field effects are
described based on a previous reported study of ion dynamics
and peak shapes.!*> The DE-TOF method is used to measure
the distance of the ions from the target and the ions’ velocity
when the free expansion starts.

Experimental

All experiments were carried out in a homemade two-stage ion
source linear TOF mass spectrometer equipped with a DE
system. The 337 nm radiation from a nitrogen laser (VSL-337-
ND-S, Laser Science Inc.) was brought into focus on the target
with a 30° incidence angle after passing through a gradient
neutral density Oriel attenuator (as shown in Fig. 1).

The ion extraction region is composed of two stages, each
one ended by a 90% transmission electroformed nickel grid
(Buckbee Mears) of 70 wires per inch. The target was mounted
on a precision X—Y-Z manipulator. The distance from the
target to the first grid (d;) was varied looking for the best
conditions to observe the effects of the DE technique on the
spectra. The distance between the first and second grids (d»)

TDS 520B

Fig. 1 Schematic diagram of the mass spectrometer. AT — gradient
neutral density attenuator, BS — beam splitter, PD — photodiode, HV1
and HV2 — high voltage power supplies, TDS-520B — digital oscillo-
scope, CFD — constant fraction discriminator. The thick dashed line
shows a second option for start signal generation also used.
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was fixed at 20.0 £ 0.1 mm (or 17.7 &+ 0.1 mm when specified).
The drift tube length L is 276.5 4+ 0.1 mm (or 1376.0 4+ 0.1 mm
when specified). Two high stability power supplies (HCN
14-20000 and HCN 35-30000, F.u.G. Elektronik GmbH) were
used to bias the target holder and the first grid. A pair of
microchannel plates mounted in chevron configuration was
used as ion detector.

The DE system is based on a high voltage fast switch HTS
300 (Behlke Electronics). The switch triggers a high-voltage
positive pulse which changes the target electrode potential from
Uy to a higher value U;. A voltage rise-time of ca. 110 ns
was observed, and the delay time between laser and extraction
pulses was varied from 200 ns up to 1200 ns using three delay
boxes (DB463, EG&G ORTEC).

Csl (99.9% purity, Merck) polycrystalline films, grown over
stainless steel substrates by deposition in an evaporation
chamber at a pressure of 107> mbar, were used as targets.

Results and discussion
Prompt extraction

In Fig. 2, the (CslI),Cs* TOF spectrum corresponding to
I =1.69 GW cm™2 shows that the relative abundance of the
different clusters decreases exponentially.

To determine the cluster emission yield characteristics, the
laser irradiance was varied. As shown in Fig. 3, the yield
increases because both the peak amplitude and peak width
increase as the laser irradiance increases.

Actually, as illustrated for » = 1 in Fig. 4, the desorbed ion
yield grows slightly faster than their mean energy as a function
of the laser irradiance increment, for all the observed clusters.
The left side of the TOF peak reveals the formation of the more
energetic ions and the right part reveals an increment in the
formed plasma density. The increase in the plasma density
forces the desorbed particles (ions and neutrals) mean free path
to decrease in the primary stages of the plasma expansion,
delaying the beginning of the free collision expansion process
for the slower particles.

Fig. 3 shows that the cluster ion production increases
exponentially with the laser irradiance (/) and decreases, also
exponentially, with the number n of CsI units:

Y oc e = et e " (1

The values of the parameters are p ~ 5 GW~! cm? and
qg ~ 1.6.

A possible interpretation of the above exponential behaviour
of species’ abundance on their mass, observed experimentally,
could be as follows. The laser ablation produces a high density
ionized gas formed by atomic species. It has been claimed that
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Fig. 2 (Cs),Cs"™ (n = 0..3) ions clusters TOF spectrum induced
by laser desorption. The spectrometer parameters are: U; = 9.7 kV,
Uy = 9.0 kV, d; = 0.45 cm and laser irradiance I = 1.69 GW cm 2.
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Fig. 3 (Csl),Cs™ (n = 0, 1, 2) ion cluster yields as function of the
cluster mass, for different laser irradiances. The spectrometer para-
meters are: Uy = 9.7 kV, Uy = 9.0 kV and d; = 0.45 cm.

in laser induced desorption, the very fast warming up (10'° K
s~") favours emission of aggregates.'* However, considering
the high temperature observed in the plasma produced by laser
ablation,'!>'® a more reasonable assumption is that in the
primary stages the plasma is mainly composed of atomic
species. The gas temperature drops during its expansion, which
leads to a recombination of the atomic species, i.e. the forma-
tion of the clusters. Since the energy of the cluster varies almost
linearly with its mass (see Fig. 5), eqn. (1) can be rewritten in
terms of the clusters’ energies, in this case assuming a form of a
canonical distribution, which suggest the existence of a quasi-
equilibrium evolution of the gas:

N,(I) = C(I)e” " @

where N, and &, represent the nth species abundance and its
energy, respectively, 7 is the laser irradiance, C(J) is a factor
proportional to exp(pl ), and f*(I) oc 1/T*(I) is a quantity that
could be related to an effective temperature, T *, characteristic
of the recombination process in such conditions. The assump-
tion of quasi equilibrium evolution of the gas has been used by
other authors.'”

Apparently, this quasi-equilibrium evolution arises due to a
characteristic recombination rate larger than the gas expansion
rate. Notice that the effective temperature is negative (different
from the gas temperature), which is characteristic for systems
with an inverse particle population. The species’ abundance
depends on the laser’s irradiance and varies during the gas
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Fig. 4 (Cs)Cs™ ion cluster TOF spectrum obtained by laser desor-
ption. The spectrometer parameters are: U; = 9.7 kV, Uy = 9.0 kV,
dy = 0.45 cm and laser irradiance was varied from 7 = 0.98 to 1.69
GW cm 2.
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values were calculated at the DFT B3LYP/LACV3P level, using the
Jaguar 5.5 software.??

expansion, up to the point where the free expansion is achieved
(non-interactive system) and the recombination is not possible
any longer. The effective temperature observed experimentally
corresponds to the time when the free expansion regime is
reached. From Fig. 3 it can be seen that the relative species’
abundances do not depend on the laser’s irradiance; conse-
quently, neither does the effective temperature. Eqn. (2) could
be rewritten as:

NI) = C(I)e P 3)

To determine the * value, characteristic of the recombination
process, the energy of the clusters were optimized at the DFT
B3LYP/LACV3P level, using the Jaguar 5.5 software®? and all
the vibrational frequencies were verified to be real. The use of
DFT energies follows from the fact that, according to eqn. (1),
the yield depends on exp(—qn), where n is proportional to the
cluster mass. Furthermore, from Fig. 5, the mass of the cluster,
in its turn, is proportional to its DFT energy. Thus, (—gn) ~
(—gm,) ~ (—Pe,), as in eqn. (2). The DFT calculation furn-
ished the energy values of ¢, = —537.05 eV, ;= —1392.03 eV
and &, = —2246.46 eV, respectively, for (CsI),Cs* (n =0, 1, 2).
Once the clusters’ energies are known, the value of * can be
determined from the ratio of the species’ abundance, for any
two members of the clusters series.

From the values presented in Fig. 3, one obtains 1/* equal
to —502.5 + 12.6 eV. As the measured N, (I)/N,+(I) does not
depend on laser irradiance, neither does the value of f*. The
parameter f(* characterizes the recombination process of
cesium iodide ion clusters during the gas expansion of a UV
337 nm laser created plasma.

Delayed extraction

The theoretical grounds for the secondary ions initial velocity
determination in a ‘“‘no-collision” regime by DE-TOF-MS are
reviewed in the Appendix, together with a short discussion
supporting the extension for a collision regime.

Fig. 6 presents the measured TOF spectra for increasing
extraction delay times, 7. Two main observations follow from
the data. The first, an obvious consequence of delaying the
extraction field, is the progressive late arrival of the SI at the
stop detector. Each TOF peak is shifted by an amount which is
approximately equal to 7. The Cs* TOF signal shows no
variation for values of t larger than 900 ns, implying that the
fastest ions need this time interval to cross the first acceleration
region distance with an approximate velocity of 3.4 km s~ 1. If
the leakage field is taken into account (a leakage field of ¢ = 56
V cm~! in our case), an approximate velocity for the fastest
jons of 2.0 km s~ is obtained. This result overestimates the
initial ion velocity but agrees better with the previously
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Fig. 6 Cs* ion TOF spectra as a function of the extraction delay time
(1). The experimental parameters are: U; = 6.7 kV, Uy = 6.0 kV, d; =
0.35 cm and laser irradiance 7 = 0.74 GW cm 2. Note the peak tail

flipping at © ~ 270 ns and the constant TOF for the fastest ions at
T > 900 ns.

reported initial ion velocity (ca. 1.3 km s~! for the mean
velocity when the plasma formation was considered'?).

The second observation is better seen when the TOF-t is
plotted as a function of 7. The delay TOF-t is linear to the SI
initial velocity, since the faster it is, the smaller is the accelera-
tion region available for the ion when the extraction field is
applied and, therefore, the smaller is its final velocity.” As a
consequence, the TOF peak width decreases as 7 increases,
until the best time resolution 7. (named the critical delay) is
reached after which it begins to spread out, reversing its peak
shape (Fig. 6). The evolution of the peak shape as a function of
the delay time shows that its flipping occurs at around 270 ns,
as previously described by the ions dynamic simulation in a DE
TOF experiments.'!3

In the absence of collisions in the plume, the initial axial
velocity of the desorbed ions would be the same whatever the
extraction delay range used to measure it. In the desorption
process, the ions are essentially emitted in a direction perpen-
dicular to the target surface but, due to collisions in the plume,
the radial velocity increases while the axial velocity decreases,
until both radial and axial remain constant when a free
collision expansion state is reached. This behaviour has been
observed in plasma plumes using other techniques.'®*32*

The two major difficulties of this method are: (a) the
determination of the leakage field effects in the first accelera-
tion region and (b) the definition of the distance from the target
at which the free expansion of the plume starts.

The first difficulty is related to the fact that, in spite of the
first grid potential being the same as that of the target during
the delay time, 7, the permanent and high electric field (ca. 300 v
mm ") of the second acceleration region leaks into the first one
(see Fig. 1). This leakage field is intense enough to increase
substantially the low kinetic energy (few eV) of the emitted ions.
The experimental data presented in this work have been
analyzed by a procedure described in ref. 13, based on SIMION
6.0 simulations of the electric filed generated by the grids.

The second difficulty touches basic concepts: in a ““collision”
regime, the very initial velocity (at the target surface) is
different from the ““initial” velocity when the free expansion
starts. How can one determine the ‘““initial” energy without
having a model for the plume expansion? Is it possible to define
an average distance from the target (dependent on the laser’s
irradiance, dy(I), beyond which no further collision occurs
inside the plume? The main concern is whether the DE-TOF
method is capable of measuring both: this distance and the
ion’s velocity when its free expansion starts.
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Fig. 7 The value of TOF-7 as a function of the extraction field delay t
for (CsI),Cs* (n =0, 1, 2) ions. The spectrometer parameters are: U; =
18.0kV, Uy =14.0kV, d; =0.61 cm, d, = 1.77 cm and L = 137.6 cm.
The laser irradiances are I; = 0.92 GW cm 2 and I, = 2.16 GW cm 2.

If, on one hand, more laser power means more energy
incorporated into the system (more secondary ion (SI) kinetic
energy and shorter TOF), on the other hand it also means
higher density plasma, more SI collisions, shielding from the
laser radiation and from the external extraction electric field
(which implies a longer TOF).

For the configuration described in Fig. 6, a low laser
irradiance 7 = 0.74 GW cm™> was chosen to avoid these last
effects. Under these conditions the free expansion of the SI's
practically originates at the target surface and its evolution is
predicted by the standard ‘“no-collision” formalism of the
delayed extraction.”!* In contrast, Fig. 7 presents data ob-
tained at two higher laser irradiances, /; = 0.92 GW cm 2 and
L = 2.16 GW cm™2, for the (CsI),Cs™ (n = 0, 1, 2) ions,
respectively.

In the “no-collision” regime more laser irradiance means
more SI kinetic energy (steepest slope) and shorter TOF;
however, these predictions are not in agreement with data
presented in Fig. 7 for the two laser irradiances, both higher
than the one used to obtain the data in Fig. 6. Note that for
each delay time, 7, and each laser irradiance, 7, the TOF’s
values were obtained from the same spectrum. Therefore the
time interval between the TOF’s of the different clusters is
indeed reliable. The delay times used are longer than the
corresponding critical delays 7., which in turn are shorter than
10 ns for all the ions presented in Fig. 7. The TOF-t vs. © plots
of Fig. 7 show two main features: (i) the slopes are the same for
the two laser irradiances; (ii) the TOF shift varies with the
cluster mass. Both features are evidence of plasma formation in
a “collision” regime.

The “collision” regime

To fit the data consistently with the laser irradiance’s depen-
dence, we have introduced a new parameter for taking into
account the collisions in the plasma near the surface. It is
assumed that over a distance dy(/) to the target (i.e. plasma
thickness), the SI’s are shielded from the externally applied
extraction field (including the leakage field). The data pre-
sented in Fig. 7 were fitted with two free parameters, the
“initial” velocity, vo(1), and the distance of the SI to the target,
do(I), when the free expansion starts. The simulations were
performed taking into account the leakage field influences,
after the free expansion, and the ion dynamics inside the
spectrometer. The values are displayed in Table 1.

The following scenario is proposed to describe the processes
giving rise to the measured data, summarized in Table 1.
During the laser shot (few ns), the heated solid surface sub-
limates into a very hot plasma formed by electrons and by
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Table 1 Simulation results for the “initial” velocity (vo(/)) and the
distance from the target (do(/)), when the free expansion starts, as
function of the laser irradiance for the (CsI),Cs* (n = 0, 1, 2) SI*

vo/m s~ do/pm
SI mfu I L > I I L > 1
Cs* 133 1117 £ 270 1052 + 260 635 +42 520 + 40
sI);Cs + + + +
(CsI);Cs* 393 646 + 175 661 £ 180 198 + 12 206 £+ 10
(CsI),Cs* 653 455 £ 150 516 £+ 140 68 + 11 82 + 14

¢ Laser irradiances correspond to /; = 0.92 and I, = 2.16 GW cm 2

atomic species (neutral and ions). Models predict temperatures
up to 10° K.'>!® The ejected material moves away from the
target surface in a planar and spreading shock wave, very
dense, which can be divided into three main regions:*>-° (a) the
frontal or external region, formed by the fastest particles; (b)
the central region, characterized by the highest pressure in the
plasma, capable of producing clusters; (c) the internal or
confined region, close to the surface, having lower density,
temperature and cluster abundance relative to the central
region. In this picture, Cs* ions exist all over the plasma cloud;
however, the heavier the cluster the narrower is its distribution
in the central region.

The particles of the external region (fastest ions) generate the
left side of the TOF peak (see Fig. 4): they expand almost freely
and, when the laser’s irradiance increases, they become faster
(shorter TOF) and their number also increases. However, this
behaviour is not homogeneous and the central region suffers
more collisions with the gas core (heavy clusters) during its
expansion when the laser irradiance increases. Such collision
effect can be observed from the comparison of the “initial”
velocities when the free expansion starts, as shown in Table 1.

The heavy clusters (essentially » = 2 member, in the present
case) are formed in the central part of the cloud and are very
sensitive to the laser’s irradiance. They typically take 150 ns to
reach the collision-free expansion regime, after which they
cannot be formed any more. Their vy and d, values increase
as laser irradiance increases.

The light ions (n = 0 and 1) present in the confined region
suffer the highest number of collisions, approaching the ther-
modynamical equilibrium, which explains their velocities being
higher than those of n = 2. As they are kept together for a
longer time (300-600 ns), the distance they need to travel up to
their free expansion is also longer (dy ~200-600 pm). The high
abundance of the Cs™ ions in the confined region may also
explain the peculiar behaviour of these ions, which have
decreasing average values of vy and dy when the laser irradiance
increases. Note finally that the n» = 1 cluster exhibits an
intermediate behaviour between those of the n = 0 and n = 2
species.

Conclusions

The laser induced formation of CsI ion cluster was studied for
UV 337 nm laser irradiances in the range of 0.7-2.1 G W cm >
by delayed extraction time of flight mass spectrometry. It is
shown that the (Csl),Cs™ (n = 0, 1, 2) secondary ion yields can
be described by the product of two terms: the first one
represents the mechanism of energy absorption/deposition
(exp (p*I)) and the second one is proportional to the prob-
ability of the atomic species’ recombination during the expan-
sion of a highly density ionized cloud (exp(—g¢*n)). The
assumption of a quasi-equilibrium evolution of the clusters
supports the description of the recombination process by a
characteristic parameter independent of the laser’s irradiance.

The “non-collision” and the “collision” regimes for low and
high laser irradiances, respectively, were discussed. The new
proposed parameterization of the delayed extraction method

This journal is © The Owner Societies 2005 |

helps the description of the secondary ions dynamics in a
“collision” regime. The distance of the plume to the target,
when the free expansion starts, and the ion velocity beyond this
point can be determined by this method and are reported for
the Csl analyzed ion series. The influence of the ““collision”
regime on the secondary ion dynamics is such that the heavier
particles receive more kinetic energy than the light ones when
the laser irradiance increases.

Appendix

In a linear two-stage acceleration TOF system, the initial ion
velocity (vg) can be determined as an approximation of the
slope of the flight time curve vs. extraction delay. For this
purpose, flight times and their dependence on the delay time
are measured and an analytical solution/approximation of
the flight time equation is used to determine v, (DE-Vestal
method®?728).

Briefly, the time-of-flight (TOF) equations can be written as
function of the two grid distances (d; and d>), the field free drift
length (L), the delay time (t), the sample target potentials (U,
and Uy: initially U, switches into U, after the delay time 1), the
first grade potential (Uy), the mass (m) and the charge (¢) as
follows:

TOF (¢,1) = TOF(0,0) + 7 + (m _ 2_dl> <&)

VR VR
d 2
+ (r —ﬂ) (E) (A1)
VR VR
where:
L R &
_RVRL R by
1 2di 1+ +Rdi
(A2)
2q U - U
=/2(U, - Uy),R=—"""
VR m( 1 0), U,

TOF(0,0) is the time of flight for an ion “‘emitted” with vg = 0
and extracted promptly (r = 0):

d d VR L
TOF(0,0) = T}z + ﬁ (m) + VR (A3)

which represents the sum of time intervals that the ion takes to
travel the distances d;, d, and L, respectively.
Assuming t < d/vg, V9 < vg and considering the plot
TOF(z,v9)—7 vs. 7, the slope of the function can be written as:
d(TOF —1) vo Vo

—p2=0 A4
dt an Vief (A4)

where:

VR 1 2q

— = —=(U; — Uy) (AS)
3/2 L R_d _ (U 0

1 R/ 2d1+1+\/1?d? 1 "

Vref =

One can see from eqn. (A4), that the initial velocity vy of the
desorbed ions can be determined from the measurements of the
slope d(TOF — 1)/dz. In fact, the distributions of the slope of
each part of the TOF peak allow, in principle, the determina-
tion of the initial velocity distribution.

In a higher order approximation, the shape of the velocity
distribution should also be taken into account. At short
extraction delays, the ions may have not reached their “final”
initial velocity and collisions with neutrals can slow ions down.
The time lag, until a free expansion regime can be considered,
has been estimated from hydrodynamic calculations to be
about 50-100 ns.?® Therefore, the time lag also depends on
the laser’s irradiance due to the substantial interaction between
ions and neutrals.
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To estimate the volume occupied by this initially expanding
and interacting system as function on the laser’s irradiance, a
new parameter, dy can be introduced into eqn. (1): the length d,
corresponds to the distance travelled by the desorbed ions until
their velocity becomes constant (“final” initial velocity). Once
the free expansion regime is reached, their ‘““final” initial
velocity is considered as the new “initial” velocity for the
movement described by eqn. (1).
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