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Abstract. We have studied time-resolved luminescence specce** ions atlattice sites with a perturbed crystal fieJdi—5].

tra and laser damage thresholdsCafLaF; following excita-  The exact nature of the perturber has not yet been identified
tion with 248 nny14 nslaser pulses at room temperature forbut is thought to be either an anion vacancy or interstitial, or
the twoCe concentrations 0.03 aridmol%. The relative in-  substitutional oxygen [1, 2]. The reason that the weak fluores-
tensities of the 5d-4f bands emitted frade® at regular and cence received considerable attention was that it degrades the
at perturbed lattice sites were found to vary linearly with timescintillation efficiency ofCe-dopedLaF;. An energy trans-

for the higher concentration and quadratically for the loweffer from Ceions at regular lattice sites to those at irregular
one. This can be explained by radiative energy transfer besites has been proposed [1, 2], the degree of which depends on
tween the two sites and generation of new perturbed sites &econcentration and initial excitation energy. When exciting

a rate that only shows up for the Ide concentration. Life-  with photonsin the energy ran§e6 eV, as donein [1, 3, 4, 6]
times of the respective emission bands were determined to laad in our work, only the two fluorescence bands around
aboutl8 nsand41 ns Despite resonant absorption of heV  4-4.5 eV (strong emission) and.8—3.6 eV (weak emission)
photons, surprisingly high ablation threshold$6-Jcn? for  exist. The excitation scheme of both lattice sites \2i#8 nm
0.03% Ce, and10 Jcn? for 1% Ce— were observed by the s illustrated in Fig. 1. It is based on absorption probabilities
probe-beam deflection technique. The reason is the strong egiven by Pedrini et al. [3] and energy shifts and splittings ob-
ergy loss due to intense fluorescence and deposition of tteerved in our work, and will be discussed in Sect. 2.
nonradiative energy fraction in the bulk rather than at the

surface. The depth of energy deposition was revealed by scan-

ning electron microscopy in the form of distinctly different

ablation morphologies for the twBe concentrations. E [eV] re.QUIa.r pertl_.l rbed
A~ lattice site site
PACS: 77.84.-s; 78.20.-e; 78.47.+p; 78.60.-b; 79.20.Ds 8 -
1 6s
Cerium-dopedLaF; exhibits astrong fluorescencaround 6 — R se——
4-4.5 eV composed of two bands originating from transitions | —_— 5d ———
between the lowest state of the 5d manifold to the 4f spin- Z I —
orbit doublet of Ce** ions, with both states located in the 4 - #
band gap oflaFs. This fluorescence is attributed to excited i E E
Ceions atregular lattice sitesand can be excited by optical © L
and ionizing radiation [1, 2]. It has been extensively investi-2 & M) ~10ns &
gated to test the efficiency of the material as a high-densit - - i
scintillator [1-6]. The emission depends Qe concentra- 0 - 'y 4f :
tion [1-3, 6], crystal temperature [1, 3—6], and excitation en-
ergy [1,2]. Its decay constant varies somewhat with thes 282 nm 365 nm
parameters [1, 3, 4] and has eV excitation energy at room %03 m %Of‘{gnns

temperature a value of abolif ns[1]. Even laser action has

been observed within this Wavelength range when pumped @g 1. Energy levels ofCe*" ions at regular and perturbed lattice sites of
ArF andKrF laser Iight [7] laFs. The band gap ofaFs is 10.1eV [12]; the ground state of the 4f

. .. oublet lies abou®.0 eV above the upper edge of the valence band [2, 13].
On the low-energy side of the strong emission PanGnergy spacings were constructed from absorption spectra in [3] and exci-
a broadweak fluorescencappears, which is attributed to tation as well as fluorescence energies in this work, as indicated
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The fact that there is transfer of excitation energy frompredominantly volume to near-surface heating. In this contri-
regular to perturbece-ion sites was demonstrated by life- bution we will correlate the damage morphology for t@e
time measurements for the strong and weak fluorescen@m®ncentrations, observed by scanning electron microscopy,
bands. Fo250 nmexcitation the decay times of both bandswith the energy deposition resulting from excitation and en-
were measured by Wojtowicz et al. [1] to h€286nm) =  ergy transfer from regular to perturbed lattice sites.

16.7 ns for undoped andr(340 nm = 42.6 ns for 5% Ce
dopedLaF;. No significant variation with concentration was
reported. The initial rise time of th840 nm emission in .
doped samples unambiguously proves the population of ext EXPerimental setup

cited 5d states at perturbed lattice sites within the decay time

of the strong emission band. Up to now, the nature of thid\Ve investigated twdCeLak; crystals with doping levels of
excitation transfer has not been well understood. Two meci8.03 and1 mol%, respectively, grown and polished by Op-
anisms have been proposed [1-3]. One is reabsorption of thevac (North Brookfield, USA). Crystals were cut from raw
higher energy fluorescence, which presupposes the existenoaterial without any specific surface orientation. Unpolar-
of Ce ions next to a lattice defect. The other is nonradiaized excimer laser light 48 nmwavelength and4 nspulse

tive energy conversion tBeions at perturbed sites. Transport length was focused onto the sample by a microscope objective
by electron—hole pairs and excitons [6] can be excluded foof 25 mmfocal length at perpendicular incidence. A circular
the low excitation energy considered here, which only causesperture produced a spot at the surface with a toe hat in-
excitation of single 4f-electrons into the lowest state of theensity profile. For measurements of damage thresholds, the
5d manifold [3] (cf. Fig. 1). In this paper, we present com-spot diameter was aboitL4 mm The fluence was controlled
prehensive data on the change of spectral intensities withy two rotatable dielectric mirrors and could be varied from
time, which prove radiative energy transfer from regular t00.3 J/cn? to 40 Jcn?. For fluorescence measurements we
perturbedCe** sites but in addition provide evidence for con- used much lower fluences of typical®6 mJcn? in order
version of regular into perturbe@e sites by nonradiative to avoid any kind of surface modification. Such low fluence
transfer. levels were accomplished by moving the sample surface out

Let us now consider the laser resistivity©&LaFs. Any  of focus and increasing the laser spot size by about a factor
energy shift resulting from this excitation transfer betweerof ten.
the two sites will heat the lattice. In principle, there are two  Fluorescence measurements were carried out with a gated
sources of lattice heating. The important one is the Stokesptical multichannel analyser @fnmspectral resolution. The
shift between incidentyeV) and reemitted4.0-4.5 €V) radi-  time resolution wa20 nsdefined by the gate width. The gate
ation of the strong emission band. The other is the energy difposition could be shifted from35 nsto 130 nsafter the ex-
ference ofl eV, on average, between the strong fluorescenceimer laser pulse. Fluorescence light was collected by a lens
from Ce** at regular lattice sites and reemission fr@&*  of 100 mmfocal length, imaging the irradiated spot onto
at perturbed sites which, however, is much weaker and can lzefused silica fiberglass cable, which guided the light to the
neglected. The first Stokes shift amounts to considerable lagntrance slit of the optical multichannel analyzer. To improve
tice heating, which is likely to have detrimental consequencethe signal-to-noise ratio we accumulated spectra from the
for the UV-laser resistivity o€eLaF;. At the same time, this same surface spot for 500 laser shots.
makes it an interesting case for studying the influence of con- For the determination of ablation thresholds we utilized
trolled defects on laser damage of ionic crystals. the photoacoustic mirage technique described in detail else-

It has been suggested by several groups that laser damhere [14]. Briefly, a helium-neon laser probe beam passed
age of transparent crystals is caused by local defects, givinje focus spot of the excimer laser parallel to the surface at
rise to populated states in the band gap which allow singla distance ofl..5 mmand was directed onto a narrow slit in
photon absorption [8—10]. Such states could be of intrinfront of a photomultiplier. Any heat or plasma expansion gen-
sic nature, such @ andH-centers and their aggregates, orerating an acoustic wave that alters the refractive index of the
extrinsic due to bulk impurities or structural defects. For ex-air in front of the sample caused a transient deflection of the
ample, it has been shown that the laser ablation threshofatobe beam which, in turn, changed the intensity transmitted
of nominally pureCaF, strongly depends on surface treat- through the slit. As a function of incident laser fluence we
ment [8, 11], whereas the content of bulk point defects seemseasured both the deflection amplitude and the transit time,
to be of less importance. In general, the density of occupiede., the time delay between the excimer laser pulse and the
states in the band gap is rather small and their energy poasrival of the acoustic wave at the probe beam position. Each
ition not very well defined. In this contex€elLaF; is an  data point was recorded from a spot at the surface which had
ideal model system since it has th6.1 eV band gap of the not been irradiated by a preceding pulse.

LaFs [12] with the single 4f electron o€e*" occupying the In addition to quantitative ablation threshold measure-
energetically well definedFs,» ground state of the spin—orbit ments we inspected the surface morphology of damaged spots
doublet, located abo@0 eV above the valence band [2, 13]. by scanning electron microscopy (SEM). Such images helped
Hence, 4f-5d excitations with eV (248 nn) proceed within  to identify the damage mechanism which we expected to be
the band gap, much below the conduction band, and energijfferent for the twoCe concentrations because of the dif-
relaxation to the lattice can only take place via coupling of thderent optical penetration depths. Pedrini et al. [3] reported
Ce** impurity ions to the lattice. for a doping level 00.05% Cearound246 nman absorption

An additional advantage is that the strong dipole-allowedoefficient of 16.3 cn 1, from which we estimate penetra-
4f-5d absorption permits altering of the energy depositiortion depths of about mm for the 0.03% and30um for the
depth by varying theCe concentration and changing from 1% doped crystals, respectively. Ft¥ Cethe absorbed en-
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ergy is deposited much closer to the surface compared two concentrations because fto Ceit is distorted by the
0.03% concentration. low-energy tail of the strong emission band.

Since energy transfer betwe@e** at regular and per-
turbed lattice sites has been proposed [1-3] it is of inter-
est to extract from the spectra in Fig. 2 the time evolution
of the intensities of both strong and weak emission bands.
We did that by fitting Gaussians to the main peaks, and by
Fluorescence spectra for bo@e concentrations measured ignoring the weak double peak structure of the low-energy
with various delay times are displayed in Fig. 2. The fluoresfluorescence, approximating it by a single Gaussian. The pro-
cence intensity is given in arbitrary units, normalized to thecedure is illustrated by dotted lines in Figs. 3a and 3c for
excimer laser intensity and the number of applied laser shotspectra taken &at00 nsdelay with crystals of both concentra-
The main feature is the strong emission bandef ions at tions. The two peaks in the strong emission band yield a 4f
regular lattice stitesdue to transitions between the lowest 5dspin—orbit splitting 0f0.284+0.01 eV and a Stokes shift of
state and the 4f spin—orbit doublet with the two maxima cen®.6 eV between the high-energy peak of the doublet and the
tered at 4.1 andl.4 €V. It contains abouB6% of the total 5 eV excitation energy. The spin—orbit splitting agrees well
intensity at35 nsdelay, decreasing with increasing time. Thewith values reported in the literature [1, 3,6, 7, 16]. The two
shape of the spectra is in accordance with the ones reportpeaks located aroungll eV and 3.4 eV in the weak emis-
earlier for excitation energies aroub@V [1, 3,6,7,15,16]. sion band also show a similar spin—orbit splitting for the two
New is the time evolution of the fluorescence spectra whicl€e concentrations. This again confirms that both strong and
shows a rapid drop in intensity with increasing delay timesveak fluorescence bands originate from transitions between
while the spectral shape is preserved. the lowest 5d state and the 4f doublet, differing only by the

The Stokes-shifted emission froBe** ions atperturbed ~ Stokes shift of the weak emission due to a disturbed crys-
lattice sitesappears as a weak broad band centered dbeit  talline environment.
below the main double peak. Magnified spectra of this weak Intensities obtained from such spectral fits at different de-
emission are displayed in the insets of Figs. 2a and 2b fday times are plotted in Figs. 3b and 3d. Weighted exponential
identical delay times as for the strong fluorescence. Due to irfits to the averaged data of both strong luminescence peaks
homogeneous broadening probably originating from differenyield decay times 0fl8+ 1 nsfor 0.03% and17+ 1 nsfor
perturber configurations [1, 3] the double peak structure of th&% Ce, respectively, confirming the concentration indepen-
4f spin—orbit splitting is not well resolved, but can still be rec-dence reported in [1]. Decay times of the low-energy fluores-
ognized. The weak fluorescence has different shapes for tloence are more than twice as long, amountinglté: 1 nsand

40+ 2 nsfor the two concentrations. Again, these values are
in good agreement with literature [1, 3, 7]. The decay curves

2 Fluorescence spectra

r — T show that the integrated intensity of the low-energy emission
500  (Ce)=0.03 % f V(a) ] grows with time and eventually becomes even larger than the
35ns . I high-energy fluorescence. Note that the first two points of the
400 1g[35ns ¥ : T low-energy emission arour nsin Figs. 3b and 3d do not fit
5 o 1oone : /\ 1 the exponential decay pattern but indicate an initial increase
ﬁ 300 il of the low energy fluorescence with time. This behavior is
.y particularly pronounced fat% Ceand in agreement with ob-
%' 200 ] servations reported in the literature [1]. It provided the basis
5 r for the proposed excitation transfer from regular to perturbed
€ 100 Ce* sites.
To investigate this energy transfer more quantitatively, we
Or \ e ] went one step further and compared at each individual delay
1 LA L therelative intensitieof the weak and strong luminescence
800 x(Ce)=1% A (b) T bands, normalized to the total fluorescence consisting of the
- 7 3Bns £ A% : sum of high- and low-energy emission. The result is shown
— 800k 4ol 0" i // w | in Fig. 4 for all measured delay times and b@h concen-
_g / ; ’ i - trations. Open circles represent the decrease with time of the
] 30 3 Haons T oo strong fluorescence froBe** at regular lattice sites, solid
; 400 5 i/ % eons | dots indicate the corresponding growth of the weak emission
® 10 //.._,/ 70 ns intensity from perturbe€e ions. Since the fluorescence in-
§ 200 | Yome A tensity is proportional to the density of excit€d*" ions at
£ 0= ' . 100 ns the respective sites, the data in Fig. 4 directly reflect the pop-
ulation transfer of excited 5d states from regular to perturbed
op, 4 . ] lattice sites.
25 3.0 35 4.0 4.5 5.0 From Fig. 4 we conclude that theeV radiation exclu-
photon energy [eV] sively excitesCe ions at regular lattice sitesimmediately

Fig. 2a,b. Fluorescence spectra @felLak; for the two Ce concentrations after the pump pUIse there is little or no pOpU|ation of 5d
0.03% ,(a) and1% (b) and various delay times of tf#9-nsgate. Each spec- excrged_ states_ at perturbed sites ffr eltmconqentr.atlon'
trum was recorded for 500 laser shots. The weak emissiceofions on  Radiation emitted by 5d states @_ég at regular sites 1S then
perturbed sites is magnified in the insets reabsorbed bZe*t ground state ions at perturbed sites. Due
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to the much longer decay constant the density of ex¢ed assume that there exists from the beginning a certain frac-
at perturbed sites grows with ongoing time in proportion totion of ground stateCe** ions at perturbed sites. The fact
the decline of excite€e*t at regular sites. Hence, we must that these are not excited by the prima&rgV radiation but

1.0 1.0
0.8 0.8
2 3
g 0.6 06 o
£ 3
® 04 04 3
% @  Fig.4. Relative intensities of the low-
«© a energy 6olid doty and high-energy
o - (open circle¥ fluorescence, normalized
0.2} 02 «= to the sum of both as a function of de-
lay time. The intensity of the high-energy
fluorescence consists of the sum of the
0.0 4.1eV and 4.4 eV peak areas (compare
0.0 = : Fig. 3). Solid linesindicate quadratic and
40 80 160 linear growth of the 5d population at

perturbed sites for low and hig@ie con-

delay time [ns] delay time [ns] centrations, respectively
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readily reabsorb the Stokes-shifted emission between 4.0 apdsed as perturbers [1,2]. We also proposed in Fig. 1 that
4.5 eV can be understood asesonance absorption effeé&s  the Stokes shifted emission from 5d states at regular lattice
shown in Fig. 1 of [3], photons db eV perfectly match the sites exactly matches the 4f-5d energy gap @arat per-
first absorption peak ate*t atregularlattice sites fo0.05%  turbed sites. Consequently, we conclude that — with a certain
Ceconcentration. We adopt this result for our concentrationprobability — the energy shift between primary excitation and
and propose that a similar absorption pattern, shifted by aboueemission is consumed for pushing a neighbouRngut

1 eVtowards lower energies, appliesgerturbedattice sites, of its regular lattice site, thereby changing the crystal field
since absorption probabilities will, in first approximation, re-and converting the originally unperturbed site of the 5d ex-
main unaffected by an altered crystal field splitting. Thengited Ce ion into a perturbed one. After the Stokes-shifted
5 eV photons will not be absorbed. Instead, the strong fluoresemission, the 4f ground state remains in this perturbed site.
cence in the rangé.0-4.5 eV is reabsorbed by transitions to Note that for energy reasons a similar conversion cannot take
the two lowest states of the 5d manifold©&* at perturbed place at a perturbed site, apart from the negligible absorption
sites. This is the basis for Fig. 1. of 5-eV photons. We also want to mention that the highest

We also notice in Fig. 4 that the overgltowth rateof = phonon frequencies dfaF; at room temperature are smaller
theCe** 5d population at perturbed sites is roughly comparaby about two orders of magnitude and cannot easily accom-
ble for the twoCe concentrations. This is due to the fact thatmodate a Stokes shift ®6-0.9 eV [17, 18].
we plot relative intensities normalized to the sum of both low
and high emission bands. The slightly faster growth rate for
1% Ce probably reflects a somewhat faster decay of the 58 Ablation thresholds
states at regular lattice sites, although this is not apparent in
the decay data shown in Figs. 3b and 3d. The total absorption o248nm light by Ce-doped LaF;

A most surprising effect, however, is the apparguad-  within a comparatively small optical penetration depth should
ratic increase of the perturbed 5d population with time forstrongly affect the laser damage thresholds of these crystals.
0.03% Ce, while for 1% Ce concentration the growth is only This expectation was based on the fact that the Stokes shifts
linear, as indicated by the solid lines in Figs. 4a and 4b, rebetween excitation and reemission deposit aldbt1.0 eV
spectively. This observation suggests that there are actualigr each absorption event into the lattice. We decided to ex-
two different processes taking placadiative energy transfer amine this conjecture by quantitative measurements of the
and creation of new perturbed sites damage onset with the probe-beam deflection technique [14].

The linear and quadratic increase with time can be unResults for the tw&e concentrations are displayed in Fig. 5.
derstood in the following way: If a fraction of the emitted In Figs. 5a and 5c the deflection amplitude is plotted against
higher energy fluorescence is reabsorbedClyons at per- fluence of the incident excimer laser light for both concen-
turbed sites, the increase of the excited 5d state populatidrations. The steep rise of the deflection amplitude marks the
Angd(t) with time is given by threshold fluence for ablation. It amountsli® J cn? for the
crystal with 0.03% Ce and 10 Jcn? for the one with1%
doping.

The threshold fluences for the two concentrations in
Figs. 5a and 5c only differ by a factor 1.6, despite the fact
Here, oaps is the cross section for reabsorptimﬁf(t) the that the optical penetration depths deviate by a factor of 30.
density of 4f ground states at perturbed sites, actdl the  This points to a deeper energy deposition than suggested by
photon flux originating from the decay of excitétk ions the optical penetration depths taken from [3]. Self-induced
at regular sites. Since we consider the change of relativieansparency may contribute to such deeper penetration of the
intensities, the exponential decrease of the photon flux af248nmradiation with the consequence that the deposited en-
proximately cancels when dividing with the total fluores-ergy density is smaller and can be more easily accommodated
cence. From this equation it can be seen tHiesar increase by the lattice without damage.
with time of the perturbe€e*" 5d population results when The corresponding transit times of the acoustic waves be-
nﬁf(t) = const. Such is the case when there is no significartiveen surface and probe beam, shown in Figs. 5b and 5d,
change inCe population at perturbed sites with time. It ap- confirm these threshold fluences by the onset of a decrease of
plies to thel% Ceconcentration for which a sizeable fraction transit time with increasing fluence, proving that shock waves
of theCeions is already located at perturbed sites. This fracaccompany the material removal. In contrast, a normal sound
tion responsible for reabsorption is sufficiently large so thatvave driven by surface heating would result in a constant
any additional generation of perturbed sites will not signifi-transit time [10]. We never recorded stronger sound waves de-
cantly alter the reabsorption rate. spite the fact that cracks due to thermoelastic failure occur

A quadratic increaseawith time of the relative intensity already much below the ablation threshold, as will be shown
results when theCe** population at perturbed sites grows in Sect. 4. Probably, the sound of a single crack does not ex-
with time, i.e.,nﬁf(t) = constAt. This is observed at a dop- ceed the noise level of the apparatus.
ing level 0f0.03% indicating that for very low concentrations Because of the strong absorption we expected significant
the creation of new perturbe@e’" sites with ions in the surface heating followed by an acoustic wave with constant
4f ground state plays a significant role. The probability forspeed of sound. After all, the absorption reaches a max-
such process to happen is proportional to the elapsed time imum at248 nmand — as discussed in Sect. 1 — the pene-
terval. The question arises about the nature of such processtion depths are expected to bhenm and 30pum for the
and the location of the new perturbed center. To answer thig,03% and1% doped crystals, respectively. Instead, we only
we recall that anion vacancies or interstitials have been prdind evidence for faint surface heating below the ablation
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threshold in Fig. 5c in the form of a slight increase of de-light. Apparently, the single 4f-5d electron excitation within
flection amplitudes in the range 1 0 Jcn? for 1% Ce  the band gap does not couple strongly to the lattice, and
concentration, and no effect at all f0r03%. In accordance the reemitted fluorescence carries away more @ of
with the thresholds discussed above, this again implies thahe initially absorbed energy. The rest is deposited as lattice
a large fraction of the absorbed energy is deposited in deepbeat with a minor fraction consumed for generating perturbed
parts of the crystal with the consequence that surface heaGesites.
ing does not play an important role. The thermal diffusion
length in the crystal, i.e., the distance heat can travel dur-
ing the laser pulse, can be estimated to M23um for
a pulse length o14 ns[19-21]. Therefore, most of the ther-
mal energy is dissipated into the crystal and the surface
exchanges hardly any heat with the air to produce a de~or a better understanding of the laser damage mechanism
tectable acoustic wave. Since near-surface absorption is muend thresholds for crystals with differe@e concentrations,
stronger for thel% doped crystal compared to tfe03%  we inspected a large number of irradiated spots with scan-
one, there is a weak but significant increase in the acousing electron microscopy (SEM). Three micrographs of typ-
tic deflection signal below the ablation threshold in Fig. 5cical damage patterns much below, around, and much above
while for the low Ce concentration in Fig. 5a the acous- the ablation threshold are shown in Figs. 6a—c for the crys-
tic signal intensity below threshold is not discernible fromtal with 0.03% Ce Images of spots irradiated with fluences
noise. below or near ablation threshold are produced by changes
Another remarkable result is that the observed ablatioin surface charging [22]. The general analysis of all irradi-
thresholds foiCelLakF; at our doping levels are comparable ated spots at this sample reveals a major damage threshold
to those of polishe€aF, [10]. This is greatly surprising in aroundl5 Jcn? in good agreement with the probe beam de-
view of the fact thatCaF, is highly transparent foe48nm  flection data in Fig. 5a. An illustration is given in Fig. 6b
radiation whereas ilCeLaF; the excimer laser light is to- where at16 Jcn? several major cracks can be observed.
tally absorbed. An explanation is furnished by the energy losslowever, single cracks and surface modifications causing
due to intense fluorescence of tBeions, which can easily charging can already occur at fluences as lo\8 3&n?, as
be recognized by eye when the crystal is irradiated with UVshown in Fig. 6a.

4 Scanning electron microscopy
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as polishing grooves, along which the fracture strength is re-
duced. In the extreme, this can lead to the formation of only
one or two major cracks all the way through the irradiated
spot, as can be seen in Fig. 6. At low fluences, for example,
Fig. 6a shows a crack along a polishing groove inside the ir-
radiated spot, which outside bends to follow another scratch.
Major cracks as seen in Fig. 6 arise from thermoelastic stress
in deeper parts of the crystal, consistent with the energy depo-
sition depth discussed above.

At high fluence, much above damage threshold, Fig. 6¢
shows three types of thermoelastic stress relaxation. Major
cracks originate at the spot periphery and propagate radially
far beyond the laser beam diameter. The boundary of the irra-
diated spot is marked by a roughly circular crack. In addition,
thermoelastic stress due to the temperature gradient occurs at
the rim of the laser spot [22] leading to microfracture which
can clearly be recognized at the spot periphery in Fig. 6c.

Notice, however, that there is no deeper ablation of the
0.03% doped crystal at any fluence, which again has to do
with the energy deposition depth. Instead, it appears from
the images shown in Fig. 6 that surface roughness is reduced
with increasing laser fluence. Whereas 308 J/cn? polish-
ing scratches exhibit the same contrast inside and outside the
irradiated region (Fig. 6a), those can barely be recognized
around threshold at6 Jcn? in Fig. 6b. At the highest flu-
ence of37 Jcn? polishing scratches disappeared completely
and the inside of the spot is essentially characterized by an ex-
tremely smooth surface topography (see Fig. 6¢), apart from
the one deep crack across the spot. We attribute this smooth-
ing to both ablation, as proved by Fig. 5a, and strong volume
heating up to the limit of plasticity.

For the1% doped crystal we also observe surface modi-
fications at fluences much below the ablation threshold. The
first surface alteration appeared as charging in the SEM im-
ages aroun@.9 J/cn? and the first crack damage was found
around3.5 J/cn?. In comparison, these thresholds are com-
parable to those for th®.03 mol% doped crystal. Again,
crack damage follows polishing grooves as shown in the ex-
ample in Fig. 7a fob.5 J/cn?. This means heating begins far
below the ablation threshold in a near-surface region defined
by the shallow optical penetration depth of ab80fum.

At higher fluences the energy deposition near the surface
of the 1% doped crystal leads to completely different dam-
age morphologies as compared to those observed. 0o
concentration in Fig. 6. Images in Figs. 7b and 7c represent
irradiations with fluences well above the ablation threshold
where we find massive material removal from the entire ir-
radiated area. A4 Jcn? in Fig. 7b fracture and fragment
removal is the dominant feature with no sign of melting.
A circular crack around the periphery can be made out, quite
similar to the one observed in Fig. 6b, but the high dens-

Ce impurities irradiated with248 nny14 ns laser pulses and fluences of ity Of microcracks in the rim of the irradiated spot is no

3.6 Jcn? (a), 16 Ycm? (b), and 37 Jcn? (c). The micrographs were

longer present. For still higher fluences melting and ejec-

recorded withb keV primary energy. The damage morphology is dominatedtion of molten material in radial directions as illustrated for

by major cracks oriented along polishing scratches. Microcracks located
the rim of the spot in the region of maximum thermoelastic stress are visibl

?6 Jen? in Fig. 7c.

in b andc. There is no indication of ablation even far above the threshold

fluence of16 Jcn?

In contrast to earlier observations on orienteal sur-
faces [22, 23], crack damageliaF; is not related to crystal-

5 Summary and conclusion

The interaction 0f248 nny14 ns pulses withCelaF; was
studied for doping concentrations 6f03% and1%. Three

lographic directions but follows lines of surface damage, sucktypes of investigations were carried out. First, the lumi-
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electron microscopy was applied to inspect the damage
morphology for laser fluences below and above the abla-
tion threshold.

Luminescence spectra consist of strong emission from
Ce*t 5d states at regular and weak emission from 5d states at
perturbed lattice sites. The time evolution of the relative in-
tensities in the strong and weak luminescence bands shows
a linear increase of the relative intensity from 5d states at per-
turbed sites fol% Ce concentration and a quadratic increase
in the case 00.03% Ce The linear increase supports the gen-
eral concept of radiative energy transfer from excifedons
at regular lattice sites to ions at perturbed sites. The quadratic
increase of the relative intensity from perturbed sites at low
Ce concentration provides evidence for non-radiative con-
version of excitedCe** from regular into perturbed lattice
sites. We suggest that the mechanism for such conversion is
a Stokes-shift-driven move of an adjacent anion into a defect
position, resulting in a crystal field distortion.

Since most of the absorbed energy is reemitted by 5d-4f
transitions proceeding within the band gap lodFs, the
Celaks crystal is an interesting test case for laser dam-
age. The residual energy deposition into the lattice is mainly
by a Stokes shift of aboud.5-1.0 eV for the excitation of
Cée*t at regular lattice sites. We find ablation thresholds of
16 Jcn for crystals with0.03% Ce and10 Jcn? for those
with 1% Ce The fact that these fluences are quite compara-
ble to the ablation threshold of polish€&F, emphasizes the
heavy energy loss by luminescence. In addition, the strong
absorption o248nm light leads to small optical penetration
depths of about mmand30um for low and highCe con-
centration, which is at least two orders of magnitude larger
than the thermal diffusion length for a pulse duratiodéhs
For this reason we find no evidence of surface heating below
the ablation threshold for the crystal witkD3% Ceand only
small heating for the one witt? Ce

SEM images of all irradiated spots complete the picture
about surface modifications and damage as a function of flu-
ence. The crystal response is governed by bulk heating and
crack damage when thermoelastic stress exceeds a critical
value. Crack damage thresholds were found to be around
3 J/cn? for crystals with either concentration. An ablation
threshold of16 Jcn? was measured by probe-beam deflec-
tion in the case of lowCe concentration. For th&% Ce
concentration the damage threshold found by SEM imaging is
about 3 times lower than the ablation threshold 0f)cn?,
observed by probe-beam deflection. The lower threshold for
the crystal with higheCe concentration is attributed to the
stronger near-surface absorption. This interpretation is sup-
ported by the observed strong differences in damage and
ablation topography for both crystals. For Ig@e concen-

(c) tration, i.e., predominant volume heating, crack damage is
Fig. 7a—c. SEM images of surface spots @eLaF; containinglmol%  the main result found even for spots irradiated with flu-
Ce im%?wities Hadémngib‘;“tgﬁggg’J/Yclrff?"(sc')aSTer:epil;LZez Sawer‘luggf;iegf ences above the ablation threshold. This means that ther-
\E/)\}il\:,h\]/g ke\/(ar))yrima\:/y energ)y/.b and c illustrate the da%age morphology, m.oela‘StIC stress Is released by .CraCk formation and, at very
which is dominated by material removal and surface melting high fluences, even plastic motion. In the case of ibe
Ce crystal, for which the energy density is deposited closer
to the surface, fluences above the ablation threshold cause
nescence intensity emitted fro@e*" 5d states was meas- strong disintegration by ablation and melting in the high flu-
ured as a function of delay time with regard to the exci-ence regime.
tation pulse. Second, utilizing the probe beam deflection

teChnique: ablation thresholds were det?rminEd for CrySacknowledgementhis work was supported by the Deutsche Forschungs-
tals with these twoCe concentrations. Finally, scanning gemeinschaft, Sfb 337.
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