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Abstract

3q Ž .Very efficient and stable laser operation of Ce -doped LiLuF Ce:LLF single crystals longitudinally pumped with a4

Ce:LiSAF pulsed laser is demonstrated for the first time. At the peak operating wavelength of 308 nm, laser thresholds as
low as 250 mJ cmy2 and laser slope efficiencies and output energies as high as 55% and 2 mJ, respectively, have been
obtained at a pulse repetition rate of 20 Hz. q 1998 Elsevier Science B.V.
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1. Introduction:

w xAs emphasized in a recent article 1 , there is an
increasing interest on lasers operating in the near UV
Ž .200–350 nm and more particularly on those based on
solid state materials and which can be tuned continuously
in a certain wavelength domain. Indeed, these lasers will
likely become very important tools for many applications.
They already find applications in the fields of medicine

Žand biology cornea shaping, angioplasty, measurements of
.ADN sequences, biological micromanipulation for which

one can take advantage of the broad-band laser emissions
for production of ultra-short laser pulses. They are also

w xmore and more used in environmental sciences 2 . Some
of them were recently used in LIDAR systems to make
measurements and analyze atmospheric molecules related
with the ozone layer question and for various climatic

w xproblems 3 .

1 Present address: Laboratoire de Spectroscopie Atomique, Uni-
versite de Caen – ISMRA – UPRESA 6084 CNRS, 6 Blvd´
Marechal Juin, 14050 Caen, France.

Now, to obtain an efficient and reliable UV tunable
solid state laser, one of the most attractive solutions is to
take advantage of the interconfigurational optical transi-
tions 5dl4f of some rare-earth ions such as Ce3q in

wcrystalline environments such as fluorides and oxides 1,4–
x8 . In fact, it is probably the only solution which can give a

good-quality laser beam, which allows for easy control of
the spectral linewidth of the laser and which allows multi-
wavelength operation from only one oscillator. However,
because of serious problems of solarization, induced by the
formation of transitory or permanent color centers due to
absorptions of the pump radiation andror the laser emis-
sion from the emitting state of the rare-earth active ion
Ž . w xexcited-state absorption phenomenon 7,9 , this type of
solid state laser has been discarded for many years; it was
only recently, with Ce3q-doped colquiriite crystals

Ž . Ž .LiCaAlF LiCAF then LiSrAlF LiSAF discovered by6 6
w xDubinskii et al. 10 , that these laser systems have been

reconsidered. In particular it has been evidenced that spec-
tacular improvements in the laser performance of materials
could be obtained, first from a very careful study of their

w xspectroscopic properties 11 such as polarized excited-state
Ž .absorption ESA but also by using adequate pump wave-

length and polarization conditions and by codoping the

0030-4018r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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w xcrystals by charge compensating ions 7 . It has been
shown that solarization problems could be further signifi-
cantly reduced and laser performance increased by expos-
ing the laser crystals simultaneously to the pump radiation
of a frequency-quadruple YAG:Nd laser at 266 nm and to
the residual green radiation at 532 nm of the same fre-
quency doubled laser. Now, laser efficiencies as high as
45% with respect to the UV pump radiation and of about
10% with respect to the IR radiation of the Nd:YAG laser
can be obtained, which is excellent, especially when con-
sidering the good quality of the resulting laser beam. The
wavelength tunability domain of Ce:LiSAF remains mod-
est, between 285 and 300 nm, but already allows numerous
applications.

The present paper is devoted to the description of the
laser performance of another Ce3q-doped fluoride crystal,

Ž .LiLuF or LLF . This crystal as well as its isotype YLiF4 4
Ž .or YLF were already considered a number of times in the
past both for their spectroscopic and their laser properties,

Ž .the most important results being the following: i peak
laser wavelength of 311 nm, threshold pump energy of

Žabout 5 mJ and laser slope efficiency of about 18.5% for
.an output mirror transmission of 90% in the case of

Ce:LLF, for transverse pumping with randomly polarized
Ž .radiation at 248 nm of a KrF excimer laser; ii better laser

performance and photochemical stability for Ce:LLF than
Ž .for Ce:YLF; and iii appearance of color center absorp-

tions above 325 nm due to KrF excimer laser pumping. In
contrast to Ce:LiSAF, Ce:YLF and Ce:LLF lasers are
pumped with an excimer laser so that they cannot be fully
considered as all solid-state tunable UV lasers.

2. Experimental conditions

The crystals used were grown by using the Czochralski
w xtechnique, using a seed oriented along the 110 crystallo-

Žgraphic direction. They were pulled from Li Y or
. Ž 3q.Lu Ce F melts i.e., 1% Ce but due to the low0.99 0.01 4

segregation coefficient of Ce in these materials, the actual
cerium concentration is probably between 0.1% and 0.2%
Ce3q. Chemical analyses are in progress to clarify this
point. Samples were cut in the form of platelets with
polished and parallel faces. The c crystallographic axis is
contained in the plane of the faces and the Ce:YLF and
Ce:LLF platelets used for the laser experiments are 3.65
mm thick.

These platelets were pumped longitudinally with the
aid of a home-made horizontally polarized and tunable
Ce:LiSAF pulsed laser operating at around 290 nm. This

w xpump laser was already described in detail elsewhere 3 ; it
consists of two mirrors and an intracavity prism, the
Ce:LiSAF crystal being pumped longitudinally with fre-
quency quadrupled radiation at 266 nm of a Nd:YAG

Ž .pulsed laser pulse duration equal to 4 ns . The platelets

Ž . Ž .Fig. 1. Room-temperature s sig and p pi polarized absorp-
Ž .tion spectra of Ce:LiLuF sample thickness 1 mm .4

could be pumped with their c-axis placed horizontally or
vertically, which corresponds to p and s polarization
conditions, respectively. According to the absorption spec-

Žtra reported in Fig. 1 the optical density D is related to
the absorption coefficient a by the expression D ln 10s

.a x, x being the sample thickness , Ce:LLF absorbs more
in s than in p polarization around 290 nm, and more than
99% of the excitation pump energy at this wavelength was
absorbed in the 3.65 mm thick laser crystals. The same
result is found in the case of Ce:YLF, in good agreement

w xwith Ref. 1 . The laser crystals were placed inside a laser
cavity made of two flat-flat mirrors separated by about 25
cm. The input mirror was a dichroic mirror which was

Ž .highly reflective R)99% between 300 and 370 nm and
Ž .highly transmittive T)95% at the pump wavelength.

The pump beam was focused behind the crystal with a
spherical lens of 18.5 cm focal length placed at about 5 cm
from the input dichroic mirror, and the pump beam spot
diameter onto the crystal was of the order of 0.5 mm.

3. Experimental results and analysis

The best laser performance was obtained with Ce:LLF,
w xthus confirming the results already obtained in the past 1 .

The best laser performance was also obtained when the c
axis of the crystals was placed horizontally, that is for p

polarized excitation and emission conditions. According to
the absorption spectra reported in Fig. 1 and the emission
spectra reported in Fig. 2, these conditions correspond, in
principle, to a lower absorption coefficient and a lower



( )P. Rambaldi et al.rOptics Communications 146 1998 163–166 165

Ž . Ž .Fig. 2. Room-temperature s sig and p pi polarized emission
spectra of Ce:LiLuF .4

emission intensity than in s polarization. It did lase under
s polarization conditions but with much lower perfor-
mance. The choice of the polarization and the wavelength

Žconditions 290 nm with a Ce:LiSAF laser or 248 nm with
.a KrF laser thus appears to be very important, as in the

case of Ce-doped colquiriites. This is certainly related to
excited-state absorption and UV-induced solarization loss
phenomena. We do not discard either reabsorption effects
since our crystals were probably too thick to lase at the
shortest wavelengths. These reabsorption effects probably
occurred even more severely in the experiments reported

w xin Ref. 1 . Indeed, the authors worked with a 1 cm long
laser rod; on the other hand, they reported emission spectra
in which the short-wavelength emission peak occurs around

Ž311 nm in fact the wavelength at which their crystal
.lased instead of 307–311 nm, depending on the polariza-
Ž .tion see Fig. 2 .

Fig. 3. Laser set-up.

Fig. 4. Inputroutput laser curves of Ce:LiLuF for two output4

coupler transmissions and without any cavity mirrors.

Fig. 3 shows a schematic of the overall experimental
set-up and Fig. 4 the input–output laser curves obtained
with Ce:LLF for p polarized pumping and by using output
couplers with transmissions of about 23–60% around 308
nm. The best performance was thus obtained with the one
having about 60% transmission. The laser threshold was
very low, of the order of 0.5 mJ for the Ts23% output
coupler, which corresponds to about 250 mJ cmy2, and of
0.85 mJ for the Ts60% output coupler. This is much
lower than reported previously. This threshold was so low

Žthat the laser could be operated without cavity mirrors see
.Fig. 4 : laser oscillation occurred between the sample faces

Ž y2 .above a threshold of about 1.8 mJ 900 mJ cm . The
laser efficiency was very high with a maximum value, with
respect to the input absorbed energy, of about 55%. This is
the highest efficiency ever reported for such a UV solid
state laser. Tuning was possible by misaligning the laser

Ž .crystal and inserting a quartz Suprasil 1 prism inside the
cavity. The laser wavelength could be tuned between 307.6
and 313.5 nm and between 324 and 328.5 nm, so around
the two emission peaks. The laser linewidth at half maxi-
mum was typically 0.35 nm.

To have more insight into these laser results, we have
tried to use the values of the laser thresholds and of the
laser slope efficiencies obtained with the different output
couplers to have an idea of the nature and amount of losses

w xdue to the laser crystal, knowing that 12 :

hn s ys Tp e esaar s h , 1Ž .diff phn s TqLq2 s rs AŽ .L e esa e g
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and

2 2
phn v qv tŽ .p p c paE sth 4h s ysŽ . t 1yexp yt rtŽ .p e esa f p f

= TqLq2 A , 2Ž .Ž .g

where s and s are the stimulated emission and thee esa

excited-state absorption cross-sections at the laser fre-
quency n , respectively, A is the ground state absorptionL g
Ž .GSA per pass in the crystal, h is the pump efficiency, Tp

is the transmission of the output coupler and L the round
trip intracavity losses other than GSA. t s4 ns andp

w xt s40 ns 1 are the pump pulse duration and the fluores-f

cence lifetime, respectively.
Ž .According to expression 1 , for 290 nm pumping and

308 nm lasing, the quantum limit for the differential slope
efficiency should be equal to about 94%. Assuming h s1p

and s s0, which is probably optimistic, and using ouresa

highest slope efficiency of 55% for Ts60% output trans-
mission, losses L of about 42% can be estimated. This is
much higher than the simple Fresnel reflection losses.
These round-trip reflection losses on the crystal faces were
measured separately and estimated to be about 25%.

Ž .Let us now consider the expression 2 for the absorbed
pump energy at the laser thresholds. Using the above given
threshold values, it is found, without particular assump-
tions, that Lq2 A f45%. Knowing that the round-tripg

reflection losses on the crystal faces are of the order of
25%, this might indicate single pass reabsorption losses
A f20%. The thickness of the laser crystal being equal tog

3.65 mm, this means an absorption coefficient around 308
nm, the laser wavelength, of about 0.6 cmy1. Considering
the absorption spectra of Ce:LiLuF reported in Fig. 1 for4

a 1-mm-thick sample, this result is quite possible.
Consequently, though losses due to excited-state ab-

Ž .sorptions at the pump reduction of h and at the laserp
Ž .s term wavelengths, and due to color-center inducedesa

residual absorption cannot be disregarded, especially on
the longer-wavelength side of the emission spectrum, the
losses due to reabsorption might be the most important
effect.

4. Conclusions

A significant improvement of the laser performance of
Ce:LiLuF is found by pumping in its lowest absorption4

band around 290 nm. The studied crystal seems to be more
resistant than Ce:LiSAF. Indeed, it could support pump
energy densities of about 4 J cmy2 without damage nor
apparent solarization effect, whereas damage usually oc-
curred around 1 J cmy2 with our Ce:LiSAF samples. In
addition, the thermal effects in Ce:LiLuF also seem more4

reduced than in Ce:LiSAF. Thus, Ce:LiLuF is a very4

attractive laser material. Lasing could not be obtained,
however, over its whole emission domain, only around the
peaks, between about 307.5 and 313.5 nm and between
324 and 328.5 nm. This means that further improvements
can be expected by working first with thinner crystals or
with less doped crystals to reduce reabsorption losses, then
by addressing more specifically the excited-state absorp-
tion processes and the solarization effects which we did
not see by eye but which certainly exist since they have

w xbeen already evidenced in the past 1 .
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