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Abstract We study the modification of fluoride single crys-
tals after irradiation with femtosecond laser pulses for a
range of incident intensities from well below to near damage
threshold. The behavior of the desorbed positive ion yields,
as analyzed by time-of-flight mass spectrometry, is corrobo-
rated with temporal characteristics of radiation induced de-
fects in fluorides.

The ion yield evolution upon repetitive irradiation (incu-
bation) exhibits the typical reduction of the multi-shot dam-
age threshold with increasing number of pulses. The experi-
mental data point towards an exponential growth of the tran-
sient defect density as the origin of this effect. On the other
hand, measurements of the time decay of transient defect flu-
orescence inside the transparent sample show that the defect
lifetime may be even longer than tens of milliseconds.

To account for the incubation and the increase of the
radiation-target coupling efficiency, a model relating the de-
fect lifetime to a pulse-by-pulse accumulation of transient
defects is presented, based on a calculation of the free elec-
tron density.

PACS 79.20.Ds - 82.80.Ms - 61.80.Ba

1 Introduction

Intense femtosecond laser pulses give rise to a strong pertur-
bation in the interaction volume of a wide bandgap material
in the ultra-short interaction time. The irradiated material
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undergoes lattice destabilization and particles are likely des-
orbed from the surface.

Experimental [1-5] and theoretical [6] works have indi-
cated that particle desorption, (well) below the macroscopic
damage threshold, is primarily triggered by electrostatic re-
pulsion between neighboring positive ions from within a
highly charged near-surface region, almost depleted of elec-
trons (Coulomb explosion).

Experiments on fluorides materials irradiated with fem-
tosecond laser pulses have shown that at intensities in the
range of 101°-10'2 W/cm?, the excitation can provoke a
strong emission of electrons as well as positive and negative
ions [1, 2]. Furthermore, the experiments indicated that the
electron and ion yields exhibit a strong correlation in their
emission kinetics [1, 3]. The presence of defects could pro-
vide a significantly ‘shrinkage’ in the material bandgap by
filling intermediate states. A lower order ionization process
could occur via these states [7, 8], facilitating therefore both
electron and ion emission.

Defects in fluorides are known to readily form after elec-
tron or ion bombardment or laser irradiation [9—-11]. Color
centers and metallic colloids likely occur after prolonged ir-
radiation at moderate intensities and could be visible due to
a typical coloration inside the transparent sample. Defects
accumulate at the surface upon repetitive laser irradiation
(incubation).

Upon multiple femtosecond laser pulse irradiation the de-
fect accumulation could basically be both associated with
and accompanied by surface positive charges. In the present
work, we report on additional experiments meant to improve
the understanding of the relevant processes for the incuba-
tion phenomenon in fluoride materials irradiated with fem-
tosecond laser pulses. For explaining this process, we pro-
pose an approach derived from measurements of surface
charging with an increasing number of pulses. We believe
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that defects play a determinant role in the incubated dynam-
ics. We attempt here to describe this effect: we assume that
a pulse-by-pulse accumulation of defects on the surface oc-
curs if there is a defect with a lifetime of about the time
interval between successive pulses.

2 Experimental

We carried out experiments to analyze the ion desorption
kinetics and defect dynamics from freshly cleaved, single
crystals of BaF,(111) and CaF,(111) after femtosecond
laser excitation.

For detection and analysis of the desorbed positive ion
yields, we used a linear time-of-flight (ToF) mass spectrom-
eter (1.5 m drift length) oriented normal to the target. An
extraction field of about 1000 V/cm was applied between
the target and the entrance aperture of the spectrometer. The
ToF spectrometer is equipped with an MSP detector and a
pair of electrostatic lenses of cylindrical geometry to max-
imize the ion yield. ToF positive ion spectra were visual-
ized on a 400 MHz oscilloscope (LeCroy) and analyzed us-
ing boxcar gated integrators. The laser system used was a
Ti:Sapphire CPA laser system (Spectra Physics), ~120 fs
pulses of 800 nm, <0.5 mJ energy per pulse, 1 kHz repe-
tition rate, horizontally polarized. The targets were cleaved
in air and immediately transferred into an ultra-high vacuum
chamber (base pressure < 10~° mbar).

In these experiments, we varied the laser intensities in the
range of 10''-10'* W/cm?. Measurements of the positive
ion yields were performed under multi-shot mode N-on-1.
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Laser induced fluorescence (LIF) was detected at laser in-
tensities near the single pulse damage threshold
(~30 TW/cm? for CaF»(111) and ~20 TW/cm? for
BaF,(111) [12]), where the fluorescence intensity, its emis-
sion characteristics and lifetime could be easily detected.
A Ti:Sapphire CPA laser system of up to 2 mJ energy per
pulse and 20 Hz repetition rate was used for carrying out
these measurements. Single 120 fs pulses (800 nm) were se-
lected from the 20 Hz pulse train by means of an electronic
shutter.

An ICCD camera of nanosecond resolution (Hamamatsu
C4346-01) was used for the fluorescence detection. The
gated signal from the camera was collected at a controlled
time delay with respect to the laser pulse. The LIF emission
ranges were analyzed by using a set of band-pass filters.

3 Results and discussion
3.1 Incubation: the role of defects

First, we examined the ion yield evolution after repetitive
irradiation with 120 fs laser pulses. This was done by se-
lecting from a time-of-flight spectrum the ion peak of in-
terest and integrating it for each laser pulse. In Fig. 1a, we
present the dependence of Ca* yields from CaF, on the
number of laser pulses. It can be easily observed that af-
ter a certain number of accumulated (incubative) pulses, the
ion yield increases until it reaches a quasi-steady regime. At
further irradiation no significant change is observed, resem-
bling a saturation effect. On the other hand, the amplitude of
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the ‘saturated’ ion signal increases nonlinearly with increas-
ing intensity; this is expected to happen due to the nonlinear
photoionization.

It is easy to notice that the number of incubative pulses to
reach the ‘saturated’ ion yield, becomes smaller and smaller
with increasing intensity.

This appears to support a common interpretation for the
incubation effect: the first laser pulses create defects at the
surface, which increase in number at further irradiation un-
til the defect density locally ‘saturates’. The interpretation
can hold as well if we consider a pulse-to-pulse surface pos-
itive charge accumulation such as in the Coulomb explosion
model.

We attempt to qualitatively analyze this result as follows:
we assume a characteristic number Nj,. as the mean value
between an average minimum and maximum ion yield (see
Fig. 1a). We find that the intensity 7 (Njyc) decays exponen-
tially with Niyc, both for Ca™ from CaF; and for Ba™ from
BaF; (Fig. 1b).

Our result shows that the number of pulses necessary
to reach a critical defect density (accompanied perhaps by
a local saturation in surface charging), for substantial ion
emission, decreases with increasing laser intensity. Here
I (Ninc) ox exp(—aNinc), where a is a constant.

On the other hand, we basically observe the usual effect
of reduction of the damage threshold intensity for multi-
pulse irradiation, due to radiation absorption enhancement
at the defects sites.

We need to note here that from the definition of Njc,
the result from Fig. 1b characterizes only the regime with
a ‘saturated’ defect density, i.e. the regime of quasi-steady
ion yield. It is evident that for intensities close to damage
threshold, Njn should be small.

We have previously shown that if irradiation (at 1 kHz
repetition rate) is ceased for tens of milliseconds, further
irradiation will be characterized by further incubation [1].
The irradiation should be accompanied by defect creation
(or positive charge accumulation). Our observation is that
the time until the next irradiation is a determining factor
for recommencing incubation. We assume that this time is
related to the creation and relaxation of defects. To under-
stand this, we further performed measurements of the tem-
poral characteristics of the laser induced fluorescence.

3.2 Laser induced defects in fluorides

We evaluate the defect relaxation time by analyzing the re-
maining fluorescence after the laser pulse ceased. The ex-
perimental set-up for the detection of LIF from BaF, and
CaF; is presented in Fig. 2a. The inset shows an image of
the typical fluorescence emission trace in a fluoride target.
Here, a single pulse hits the surface and generates a plasma
plume and fluorescence emission in the interaction volume.

filters
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Crystal
surface

Fig. 2 (a) Schematic of the experimental set-up for laser induced
fluorescence measurements; the inset presents an image seen by the
ICCD camera, in a cross-section of a transparent crystal; the laser
pulse gives rise to fluorescence emission in the interaction volume.
Images of plasma radiation and fluorescence emission in a BaF,(111)
target irradiated by a single 120 fs laser pulse, at 800 nm and time
delays as indicated: (a) plasma formation and expansion in 10 ns;
(b, ¢) F(I) fluorescence detected and integrated between 10 ns to lps;
(d) F(IT) fluorescence detected and integrated between 1 ps to 50 ms
delay time to the laser pulse. The laser pulse hits the crystal surface
from the right side; the surface is represented by dotted lines. (Laser
intensity: 1.1 x 10'> W/cm?)

From the emission spectrum and detection time interval,
we distinguish two main fluorescence ranges: a more intense
short lifetime fluorescence band F(I) in the near-UV and a
red-shifted less intense fluorescence band F(II) of a longer
lifetime. Images of single laser pulse induced plasma radia-
tion and fluorescence emission from BaF,(111), for various
delay times with respect to the laser pulse, are presented in
Fig. 2b—e.

Both fluoride materials investigated exhibit fluorescence
emission upon femtosecond laser pulse irradiation. In Ta-
ble 1, we summarize the fluorescence emission ranges and
the corresponding detection time intervals.

From the data we infer that microsecond lifetime defects
emitting the fluorescence (FI) could be self-trapped exci-
tons (STE). STEs are well known to develop in fluorides and
other transparent crystals after UV femtosecond laser irradi-
ation [13]. As indicated in [9], STEs can decay over several
intermediate states, reaching an overall lifetime of >1 us. A
fluorescence detected at around 278 nm with a lifetime of
~1 ps has been associated to the decay of an STE [9].

The much longer lifetime F(II) fluorescence could indi-
cate a surface F-center, which has been shown to decay in

@ Springer



900

F. Costache et al.

Table 1 Laser induced fluorescence from BaF,(111) and CaF,(111)
irradiated by single pulses at 5 x 10'* W/cm? intensity: emission
ranges and their detection time intervals

Emission ranges (nm) Detection time interval, 7 ¢

BaF; F(I): 300400 nm ~1 s
F(I): 400-465 nm >50 ms

CaF, F(I): 300400 nm >100 ns
F(I): 500-600 nm >50 ms

about 50 ms [10] or much longer [11]. It is to be shown in
the next subsection that such defects are assumed here to be
responsible for the incubation effect observed.

3.3 Incubation model

We attempt to model the effect of incubation based on our
experimental results and existing models for dielectric sur-
face damage induced with a femtosecond laser.

It is known that the primary response of a wide bandgap
material to ultra-short laser pulse irradiation is multi-photon
absorption and generation of free electrons both in the con-
duction band or emitted out of the target. It is generally
assumed that an intense single pulse laser induces damage
in a dielectric material when the free (conduction band)
electron density reaches a critical density (plasma critical
density—n, ~ 10%! cm—3 at 800 nm—or just below it [14]).
A pulse-to-pulse increase in the excited electron density and
multi-pulse laser damage presumably occurs if the relax-
ation process is carried out across defect states with an effec-
tive decay time comparable to or longer than the inter-pulse
time interval. Based on this assumption, in the following we
calculate the temporal evolution of the free electron density,
taking CaF, as a case study.

First, we assume that the conduction band electron den-
sity builds up by band-to-band multiphoton ionization, me-
diated by defect states located within the bandgap. We apply
a similar rate equation to that proposed in [15]. Although it
is unlikely to happen at intensities below the threshold, for
the sake of completeness, we also consider avalanche ion-
ization as a source of excited electrons. Our main approxi-
mation is that ionization occurs across a defect state located
near the conduction band edge, so that this can be an ioniza-
tion/recombination bottleneck state. Hence, the ionization
from this defect state and the return back to this state is as-
sumed to be fully balanced and happening in a time much
shorter than the inter-pulse time, i.e. its contribution to the
remaining electron density at the beginning of the next pulse
is taken to be negligible. On the other hand, we consider the
relevant defect state to have a long recombination lifetime.
We take into the rate equation only the ionization across and
relaxation of these defect states. Additionally, we neglect
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losses through bulk diffusion or electron emission out of the
target.

In CaF, with a bandgap of E, ~ 10-12 eV, a 7-
photon process is most likely the band-band photoionization
process. The long lifetime defect state is likely an F'-center.
Provided that this state lies at 8.3 eV from the valence band
edge [16], for our excitation conditions, such a state could
be filled by a 6-photon process. The ionization would corre-
spond therefore to a single-photon process. For a sufficiently
high density the direct band-band 7-photon ionization can be
neglected compared to the 6 + 1 ionization across the defect
state.

Using the empirical method provided in [17], for the 7-
photon ionization cross-section we obtain o7~
107142 ¢cm'* ps® and for a 6-photon ionization cross-section
o6 ~ 107121 cm!? ps>. We express the growth rate of the
electron density by combining a multiphoton ionization and
an avalanche rate with a recombination rate at a defect state.
This reads

dn(t)
I =a-I-n()+Pl—Ry. (1)

Here, PI = 07 - (%)7 - Ny is the 7-photon ionization rate
with N; the solid atom density (for CaF,, this is around
Ny ~2.4 x 102! at/cm3).Rd is the recombination rate at the
defect states:

Ra= — pry 4 @)
dt T4

where Pl; = o0¢- (hLv)6 - N; is the 6-photon ionization rate for

generation defect, and t; is the defect state decay time. In

the calculation, the avalanche coefficient « in CaF, is taken

to be ~ 2 cm?/J as determined experimentally in [18].

For making the calculation easier, we considered a lin-
ear growth of a defect density with the number of pulses, in
other words, we deal with the ‘saturation’ regime of the ion
yield (cf. Fig. 1a). The electron density after a number of
pulses N is calculated for a Gaussian pulse of a peak inten-
sity Ip, using (1-2). This is

n(t, N) ~[no+ N -ngq]

I 12 t t

X exp 20ty (L) erf( 2In2— | — — |,
4 In2 T T4

3

where ny is the electron density due to photoionization, ng 4
the defect density, and erf(x) is the standard error function.

It follows that, depending on t,, the incident intensity,
and the number of pulses, a residual excited electron den-
sity may be present at the beginning of each subsequent

The surface band-gap of cleaved CaF,(111) crystals is usually taken
to be 10 eV, but it is known that the bulk bandgap could reach about
12 eV.
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Fig. 3 Temporal evolution of the excited electron density at different
incident intensities and number of laser pulses: N = 103 and 10° (solid
lines). For 3 x 103 pulses of 10 TW/cm? the critical electron density is
reached. Also shown is the temporal evolution of the excited electron
density in a single pulse of different intensities (dashed lines)

pulse. This contributes ultimately to building-up the elec-
tron density. Figure 3 shows the temporal evolution of the
conduction band electron density using (3), assuming that
7, = 120 fs and 7y = 100 ps, for different intensities and
number of pulses.

We also calculate the temporal evolution of the elec-
tron density for a single laser pulse to yield n, where
ner ~ 1.7 x 102! cm™3 at a laser wavelength of 800 nm. The
corresponding intensity is found to be roughly the measured
single-shot ablation threshold for CaF5.

Such an effect could provide a residual electron density
at the beginning of the next pulse. In fact, following these
assumptions, for any intensity the critical density can be
reached for a sufficient number of pulses.

4 Conclusions

The electron and ion yields increase nonlinearly with in-
creasing irradiation intensity. An important enhancement
occurs at repetitive irradiation, likely caused by a superior
ionization probability across defect states located within the
bandgap. Measurements of the fluorescence emission indi-
cate that in laser-irradiated fluorides various defects are cre-
ated, such as transient defects of 1 ps lifetime but also long-
lived defects of a 50 ms lifetime. We have tried to model
the influence of such defects on the electron and the cor-
responding ion yield, considering a strong corroboration in

their emission characteristics. In our model, the initial as-
sumption is that after the electrons are emitted out of the
target the positive ion desorption occurs when a certain sur-
face hole density is reached, at least locally.

A pulse-by-pulse increase in the surface defect density
can potentially enhance the conduction band electron den-
sity, leading to photo-electron and consequently ion emis-
sion.

We discussed the excitation and recombination processes
that may contribute to building-up of the electron density
during the laser pulse, and its decay in between successive
pulses, considering surface defects of a lifetime longer than
the time interval between pulses (at a pulse repetition rate
of 1 kHz). Hence, we show that if the created defects accu-
mulate pulse by pulse, the excited electron density increases
and so should do the corresponding hole density in the va-
lence band. Further, by adding more pulses, the hole density,
i.e. the positive ion density, continues to grow until positive
ions form close to each other. The electrostatic repulsion
between adjacent positive ions causes ions to be desorbed
out of the target. Eventually the ion yield can reach a quasi-
steady regime. For low intensities, the positive charge is lo-
calized at defect sites. With increasing intensity, the number
of defects (absorbent sites) increases and possibly reaches
a maximum near the damage threshold, where the effect of
the incubation is reduced more and more.

A more comprehensive model could be developed, fur-
thermore, from this bulk model, to take into account also
other channels of electron loss, for instance the electron
emission out of the target and transient (fast decaying) de-
fect states.
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